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University  of  Erlangen,  Germany 

12:15  Intrinsic  and  Impurity  Point  Defect  Aggregation  In  Silicon  Crystal  Pulling 
V.V.  Voronkov 

Institute  of  Rare  Metals,  Russia 


Sesaion  1  0  -  tM«e  Whies  Room 

HAUDE  GROWTH 

Session  Chairpersons-  N.B.  Singh,  USA  and 
E.  Kaldls,  Switzerland 

9:30  *  Recent  Advances  In  Bulk  Crystal  Growth  from  the  Vapor 
E.  Kaldls  and  M.  Hechotka 
ETH  -  Zurich,  Swltzerlarxl 


10:00  Purification  and  Growth  of  BaFBr  and  Identilication  of  Radiation-Produced 
Electron  and  Hole  Centers  In  Oxygen-Containing  BaFBr 
R.  S.  Eachus,  W.  G.  McDuole.  R.  H.  D.  Nuttall,  M.  T.  Dim,  F.  K.  Koschnick, 
Th.  Hanglelter,  and  J.-M.  Spaeth 

Eastman  Kodak  Company,  USA  and  University  of  Paderborn.  Germany 
10:15  COFFEE  BREAK 


10:30  The  Growth  of  Ag  Doped  PbBr,  Crystals  using  Coupled  Vibrational  Stirring 
R.  C.  DeMattei  and  R.  S.  Felgelson 
Stanford  University,  USA 

10:45  Precise  Measurements  of  the  Mass  Transport  Rate  of  Mercuric  Iodide  In 
the  Vapour  Phase 
M.  Rechotka  and  E.  Kaldls 
ETH  -  Zurich,  Switzerland 

11:00  Thermo-Convective  Effects  During  Vapor-Phase  Growth  of  Mercurous 
Chloride  Crystals 

M.  E.  Glicksman,  G.  T.  Kim,  0,  C.  Jones,  and  J.  T.  Un 
Rensselaer  Polytechnic  Institute,  USA 

11:15  Morphology  and  Characterization  of  Solution  Grown  Mercuric  Iodide 
Crystals 

K.  Baskar  and  P.  Ramasamy 
Anna  University,  India 

11:30  Characterization  of  Trapping  Levels  in  Solution  Grown  and  PCG  Mercuic 
Iodide  Single  Crystals 
T.  Pal,  S.  L  Sharma  and  H.  N.  Acharya 
Indian  Institute  of  Technology,  India 

11:45  Characterization  of  Modified  Pyrochlores  CsMFeF,  (M-Mn,Co,Zn) 

K.  S.  Raki  and  B.  M.  Wanklyn 

University  of  Madras,  India  and  Oxford  University,  UK 

12:00  Growth  of  Some  V-VI-Vll  Group  Compounds  From  Vapour 
R.  Ganesha,  D.  Arivuoli  and  P.  Ramasamy 
Anna  University,  India 

12:15  Automated  Pulling  from  the  Melt  -  The  Effective  Method  of  Growing  Large 
Alkali  Halide  Single  Crystals  for  Optical  and  Scintillation  Applications 
L  G.  Eldelman.  V.  I.  Gorlletsky,  V.  G.  Protsenko,  A.  V.  Radkevich,  and  V. 

V.  Trofimenko 

Institute  tor  Single  Crystals,  Ukraine 


Indicates  Invited  Speaker 


MONDAY  AFTERNOON  -  AUGUST  17,  1992 


1:45* 

2;X 

2:45* 

3:15 

3:X 

3:45 

4:00* 

4:X 

4:45* 

5:15 


SESSION  2 


Qrand  BsftDCMi 

S«sslon  Chairperson  -  S.  CorleH,  USA 

Convectiva  InstabMttes  in  MeK  Qrowtti  Conflguratfcia  Qearg  MOIIer,  University  of  Ertangen-NOmberg,  Qermany 
BREAK 


FUNDAMEKTALS  OF  NUCIEATTON  AND  GROWTH  II 

Session  Chairpersons  -  R.  Kern,  France  and 
tCTsukamoto.  Japan 


In-SItu  Obser>«tlon  of  Interface  Khtetlcs  and  Flow  Dynamics  2:45  * 

Katsuo  Tsukamoto 
Tohoku  University,  Japan 

Non-EquIlibrIum  Phase  Transformations  In  Two  Component  Systems  3:15 

K.  A.  Jackson,  Q.  H.  QHmer  aitd  D.  E  TemUn 

University  of  Arizona,  USA,  AT&T  Ben  Laboratories,  USA  and 

Reasearch  Institute  of  Metallurgy,  Russia 

A  New  Model  of  Effective  Segregation  Coefficient  3:X 

A.  G.  OstroQorskv  ar>d  Q.  Muller 

Columbia  University,  USA  ar)d  Universitat  Erlangen-Numberg,  Germany 
COFFEE  BREAK  3:45 

Surface  Roughening  and  Melting:  Models  and  Relevance  for  Crystal  4:00 
Growth 

J.P.  van  der  Eerden 

University  of  Utrecht,  The  Netherlands 


4:15 


Nnetlcal  Roughening  and  Roughening  Transition  In  Odd-Numbered  4:X 

Normal  Alkanes 

X-Y.  Uu  and  P.  Benrtema 

University  of  Nijmegen,  The  Netherlands 

Computer  Modelling  4:45 

T.A.  Cherepaiwva 

Center  for  Microelectronics,  Latvia 


NON-UNEAR  OPTICAL  CRYSTALS  II 

Session  Chairpersons  -  P.  BorduL  USA  aixl 
0.  Rytz.  Switzerland 

Growth  of  Large  Size  KNbO,  Crystals  and  Epitaxial  Layers  of 

J.  Hullkief.  R.  Gutmann  and  H.  Wuesr 
Institute  of  Quantum  Bectronics,  ETH,  Swffizerland 

Defect  Structure  In  Transition  Metal  Ion  Doped  Photorefractive  KNbO, 
Crystals 

X  Ma  and  D.  Shen 

Research  Institute  of  Synthetic  Crystals.  PR  China 
COFFEE  BREAK 


Electiic  Field  Poling  of  Potassium  NIobate  Crystals 
R.  H.  Jarman  and  B.  C.  Johnson 
Amoco  Technology  Company.  USA 

Growth  and  Characterization  of  Off-congruent  UNbO,  Single  Crystals 
Grown  by  Double  Crucible  Method 
Y.  Furukawa.  M.  Sato.  X  Ntamura,  F.  Nltarrda.  artd  X  Ito 
HItacN  Metals.  Ltd.  and  National  Institute  for  Research  In  Inorganic 
Materials.  Japan 

Stoichiometric  UNbO,  Single  Crystal  Growth  by  Double  Crucible 
CzochralskI  Method  Using  Automatic  Powder  Supply  System 
X  Wtamura.  J.  X  Yamamoto,  N.  lyL  S.  KImura.  and  T.  HayasM 
National  Institute  tor  Research  In  Inorganic  Materials  and  ASQAL  Co.  LTD. 
Japan 

UNbO,  Single  Crystal  Growth  from  Li-RIch  Melts  by  the  Continuous 
Charglrtg  and  Double  Crucible  CzochralskI  Methods 
M.  Sakamoto.  S.  Kan,  Y.  Okano,  X  Hoshikawa.  and  T.  Fukuda 
Tohoku  University,  Japan 

Physical  Property  Variation  of  Molten  Lithium  NIobate  by  Doping  with 
Magnesium  Oxide 

EToWzakl.  X  Terashima  and  S.  KImura 
ERATO.  Research  Dev  Corp.  Japan 


Mapping  of  Crystal  Growth  onto  the  6-Vertex  Model:  Growth  Mode  and 
Surface  Roughness 
M.  Kotrla  and  A.  C.  Levi 
University  of  Genova.  Itaty 


‘  dicates  Invited  Speaker 


MONDAY  AFTERNOON  -  AUGUST  17,  1992 


1:45* 

2:30 

2:45  • 

3:15 

3:30 

3:45 

4:00 

4:15 

4:30 

4:45 


SESSION  2 


Grand  BiAaaai 

Session  Chairperson  -  S.  Corlell 

Convective  Instabilities  In  Melt  Growth  Configuration,  Georg  MQHer,  University  of  Ertangen-NOrnberg,  Germany 
BREAK 


lll-V  BULK  GROWTH  I 

Session  Chairpersons  -  A.  G.  EIHot.  USA  stkI 
H.  Wenzl,  Germany 

Advances  In  Preparation  of  GaAs  arvl  inP  Crystals  by  LEC  Method  2:45 

Roberto  Fomarl 
MASPEC-CNR  Institute.  Italy 

MLEK  Crystal  Growth  of  (100)  Indium  Phosphide  3:15 

D.  F.  Bliss.  R.  M.  Hilton,  and  J.  A.  AdamsW 

Hanscom  Air  Force  Base  and  Parke  Mathematical  Laboratories,  USA 

A  Thermal  Stress  Theory  of  Dislocation  Reduction  In  the  Vertical  3:30 

Gradient  Freeze  (VQF)  Growth  of  (BaAs 

A.  S.  Jordan.  E.  M.  Monberg  and  J.  E.  Qemans 

AT&T  Bell  Labs  and  Engineering  Research  Center,  USA 

COFFEE  BREAK  3:45 


LEC  Growth  of  Large  GaAs  Single  Crystals  4:00 

M.  Shibata.  T.  Suzuki,  T.  inada,  and  S.  Kuma 
Hitachi  Cable.  Ltd.,  Japan 

Heat  Trans'er  During  GaAs  of  Bulk  Single  Crystal  by  the  Liquid  4:15 

Encapsulated  Vertical  Bridgman  Technique 
T.  Suzuki.  Y.  Okano,  K.  Hoshlkawa.  and  T.  Fukuda 
Tohoku  University,  Japan 

Consecutive  Thermal  Cooling  Cycle  Effect  of  4:30 

Uquld-Encapsulated-Czochralskl  GaAs  Crystal  (Browth  on  the 
Crystallographic  Uniformity 
y.  Salto 

Toshiba  Corporation,  Japan 

GaAs  and  CdTe  Crystal  Growth  by  the  VZM  Technique  4:45 

R.  I-  Henry.  P.  E.  R.  Nordquist  and  R.  J.  Gorman 
Naval  Research  Laboratory,  USA 


5:00 


5:15 


(XIASI  CRYSTALS  AND  SPEOAL  TOPICS 

Session  Chairpersons  -  A.R.  Kortan.  USA  and 
W.  A.  Bonner,  USA 

*  Growth  of  Perfect  Quasicrystals:  From  Curiosity  to  Reality 
Ahmet  R.  Kortan 
AT&T  Ben  Labs.  USA 

On  the  Morphology  of  AlCuFe  (Buaslcrystats  and  Related  Phases 
K.  Ralziiwelt  atrd  H.  Meekes 
University  of  NIJmegea  The  Netherlands 

COFFEE  BREAK 


Generalization  of  Morphological  Hartman  Perdok  Theory  to  Modulated 
and  Quasi  Crystals 

P.  Berwrema,  K.  Baizuwett,  J.  P.  van  den  Eerden,  M.  Kremers,  H.  Meekes, 
M.  A.  Verheljen.  and  L  J.  P.  Vogels 
University  of  NIJmegea  The  Netherlands 

*  Residual  Melt  Analysis 
Brian  Cockayne 
DRA  Malvern,  UK 


Temperature  Difference  In  Radial  Direction  of  CzochralskI  Copper  Crystals 
Y.  ImasMmIzu  and  J,  Wotanabe 
Akita  University,  Japan 


Fundamental  Aspects  of  Particle  Engultment  by  a  SokdHying  Front 
M.  Yemmou,  M.  A.  AzounI  and  G.  Petre 

Notional  Center  of  Sclentltlc  Research-  Meudoa  France  and  ULB,  Belgium 


Mechanism  of  Growth  of  Organic  Hourglass  Inclusions:  Old  Materials  v4th 

Photonic  Applications 

B.  Kahr.  M.  Nyman  and  J.  K.  Chow 

Purdue  University,  USA 

Properties  and  Surface  Morphology  of  Indium  Tin  Oxide  Rms  Prepared 
by  Electron  Shower  Method 

H.  Yumoto.  J.  Hotano,  T.  Watonabe.  K.  FuJHtawa.  and  H.  Sato 
The  SclefKe  University  of  Japan,  Japan 


Indicates  Invited  Speaker 


TUESDAY  MORNING  -  AUGUST  18,  1992 


8:00* 

8:45 


9K)0* 


9:30* 


10:00 

10:15 

10:30 

10:45* 


11:15 

11:30* 


SESSIONS 


Grand  Balrooin 

Session  Chairperson  -  K.  Jackson,  USA 

Studies  on  Crystal  Growth  and  Thin  Layer  Formation  by  TEAS  artd  STM.  B.  MutaftscNev,  University  of  Pads,  France 
BREAK 


Saaaton  3  A  -  Cuyamaca  Room 


Session  3  B  -  Lagaia  Hoorn 


GROWTH  MECHANISMS 


NON-UNEAR  OPTICAL  CRYSTALS  III 


Session  Chairperson  -  K.  Jackson,  USA  aiKl 

P.  Bennema.  The  Netherlands 

Growth  Mecharksms  and  Morphology  of  Crystals  9:00  * 

P.  Bennema 

Nijmegen  Universitelt  The  Netherlands 


9:15 


Face  Statistics  on  the  Dissolution  Forms  of  Garnet  Crystals  9:30 

E.  Hartmann  and  E.  Beregl 

Research  Laboratory  for  Crystal  Physics  and  Research  Institute  for 
Telecom municabons,  Hungary 


COFFEE  BREAK 

Bementary  Processes  of  Dissolution;  (101)  ADP  Face  10:15 

P.  G.  Vekllov.  Yu.  G.  Kuznetzov,  and  A.  A.  Chernov 

Institute  of  Physical  Chemistry,  Bulgaria  and  Institute  of  Crystallography, 

Russia 


Session  Chairpersons  -  R.  Route.  USA  and 

J.  HuWger,  Switzerland 

Detect  Structure  In  UNbO,  with  Different  Compositions 

N.  Ivl.  K.  Kltamura.  F.  IzumI,  J.  K.  Yamamoto,  H.  HayasM,  H.  Asano,  and 

S.  KImura 

National  Institute  for  Research,  ASGAL  Co.  LTD,  and  '  'niversity  of 
Tsukuba.  Japan 

Partitioning  of  Intrinsic  Species  Dururg  Phase  Equilibria  arrd  Crystaklzadon 
of  UNbO,  Melts 
S.  Uda  and  W.  A.  Tiller 
Stanford  University,  USA 

Control  of  Crystal-Melt  Interface  Shape  During  Growth  of  Lithium  Niobate 
Single  Crystals 

A.  HIrata.  M.  Tashibana.  T.  Suglmoto,  Y.  Dkano,  arvl  T.  Fukuda 
Waseda  University  and  Tohoku  University,  Japan 

Orgarkc-on-lnorganlc  Semiconductor  Molecular  Beam  Epitaxy 
Norbert  Karl 

umversltat  Stuttgart,  Germany 


COFFEE  BREAK 


9:45* 


Interstep  Interaction  In  Solution  Growth  (101)  ADP  Face 
P.  G.  Vekllov.  Yu.  G.  Kuznetsov,  and  A.  A.  Chernov 
Institute  of  Crystallography.  Moscow 

Atomic  Force  Microscopy  of  Lysozyme  Single  Crystals 
S.  D.  Durbin  arrd  W.  E.  Carlson 
Carieton  College,  USA 


10:30  Growth  of  a  First  Organic  Photorefractive  Crystal 
J.  HuHloer  arxl  Y.  Schumacher 
Swiss  Federal  Institute  of  Technology,  Switzerland 

10:45  High  Efficiency  Agile  Laser  Materials:  Binary  Organic  Crystals 

N.  B.  Slnoh.  T.  Henningsen,  R.  Hamacher,  E.  P.  Supertzl,  R.  H.  Hopkins,  R. 
Mazelsky,  F.  K.  Hopkins,  and  D.  E.  Zelmon 
WesUnghouse  Electric  Corporation,  USA 

*1:00  The  Growth,  Structural  and  Optical  Characterisation  of  Large  Area,  Single 
CrystaMne  Thin  Films  of  3-Nltroanlllne  (mNA) 

J.  N.  Sherwood  and  G.  S.  Slmoson 
University  of  Strathclyde,  UK 


Growth  Mechanism  of  Long  Chain  Molecular  Crystals  on  KCL  11:15 

Substrate  Due  to  Anrtealing 

M.  Yamanaka,  K.  MIrura,  K.  Vase,  K.  Sato,  and  K.  Inaoka 
Hiroshima  University  and  Yuge  Mercantile  Marine  College,  Japan 

In-SItu  X-ray  Topography  artd  Interferometry  to  Study  Solution  Growth  11:30 

Mechanisms 

Yuril  Georgy  Kuzrtetsov 

Institute  of  Crystallography,  Russia 


Crystal  Growth  and  Characterisation  of  the  Bectro-Opbc  Material, 

3-(1, 1-Olcyanoethenyl)-1 -Phenyl-4,  5-Olhydro-1H-Pyrazole 
P.  Halfpenny,  J.  N.  Sherwood,  S.  N.  Black.  R.  J.  Davev.  and  P.  R.  Moriey 
ICI  Chemicals  &  Polymers.  Ltd.,  UK 

ZnGeP,  Crystal  Growth  Studies  using  the  Horizontal  Gradient  Freeze 
Technique 

P.  G.  Schuitemann  and  T.  M.  PoNak 
Lockheed  Sanders,  Inc.,  USA 


11:45*  New  Approaches  to  Nonlinear  Optical  Materials 
M.  M.  Fejer 

Starrford  University,  USA 


Indicates  Invited  Speaker 


TUESDAY  MORNING  -  AUGUST  18. 1992 


a:00* 

a;4S 

9:00* 

9:30 

9:45 

10«) 

10:15  * 

10:45 

11:00 

11:15 

11:30 


SESSION  3 


Grand  naamnin 

Session  Chairperson  -  K.  Jackson.  USA 

Studies  on  Crystal  Growth  and  Thin  Layer  Formation  by  TEAS  and  STM,  B.  Mutaftschlev,  University  of  Paris,  France 
BREAK 


Sasaion  3  C  -  Rriomar  Room 


3D- 


lll-V  BULK  GROWTH  II 


SUPERCONDUCTORS  1  tSUBSTRATESI 


Session  Chairpersons  -  A.  F.  WKt  USA  and 
K.  Sangwal,  Poland 

THM  Growth  of  Binary  and  Ternary  Itl-V  Semiconductor  Single  Crystals 
K.W.  Benz 

Albert-Ludwigs-Universitat  Freiburg,  Germany 

Growth  of  AI,Ga(,.,,Sb  and  GaSb  Bulk  Crystals  with  Liquid  Phase 
Be.-'tro  Epitaxy  (LPEE) 

G.  BIschooInk  and  K.  W.  Benz 
Albert-Ludwigs-Universitat  Freiburg,  Germany 


Session  Chairpersons  -  C.  0.  Brande.  USA  and 
H.  J.  Scheel,  Swltzertaixl 

9:00  *  Substrates  for  High  Tc  Superconductors 
J.  SchMl 

CRISTALLOQENESE  -  IMO,  Switzerland 

9:30  Congruent  Composition  tor  Growth  of  Lanthanum  Alumlnate 
G.  W.  Berkstresser.  A.  J.  Valentino  and  C.  D.  Brandle 
AT&T  Ben  Labs.  USA 


InGaAs  Mixed  Crystals  Grown  by  Gradterrt  Freeze.  Vertical  Bridgman 
and  Rotary  Bridgman  Methods 

Y.  Havakawa,  M.  Ando.  T.  Ozawa,  T.  J.  Anderson.  P.  H.  Holloway,  B. 
Pathangey,  and  M.  Kumagawa 

Shizouka  University,  Japan  and  University  of  Rorlda,  USA 


9:45  Vertical  Gradient-Freeze  Growth  of  Alumlnate  Crystals  to  ProMe 
Substrates  for  High-Temperature  Superconducting  Films 
R.  E.  Fahey.  A.  J.  Strauss  and  A.  C.  Anderson 
MIT  Lincoln  Laboratories,  USA 


COFFEE  BREAK 


10:00  MIcroanalytIcal  Characterization  of  Flux  Grown  LaAlO,  Single  Crystals 
A  K  ReTrten  p.  N.  Kotru  and  B.  M.  Wanklyn 
University  of  Jammu,  India  and  CMord  University,  UK 


Growth  and  Characterization  of  GaSb  Single  Crystals  10:15  COFFEE  BREAK 

F.  Morvic 

Institute  of  Physics.  Czechoslovakia 

10:30  Anomalies  In  Crystal  Growth  by  Czochralskl  T echnique 
A.  Palaczkowska  and  P.  Byszewskl 

Institute  of  Physics  and  Institute  of  Electronic  Materials  Technology. 
Poland 


Non-lnvaslve  Bulk  Characterization  of  GaAs  and  SI  Wafers  10:45 

A.  F.  Win 

Massachusens  Institute  of  Technology,  USA 

Dislocation  Distribution  on  X-ray  Topographs:  Residual  Strain  and  11:00 

Composition  and  Impurity  Effect  In  LEC  GaAs 

Y.  Salto 

Toshiba  Corporation,  Japan 

Novel  Approaches  to  Crystal  Growth  of  Bul>,  Temsry  Solid  Solutions 
J.  J.  Venkrbec,  Z.  CecH,  V.  Rosicka,  J.  Kohjut  J.  Seitacek, 

Z.  Kodejs,  and  P.  Pacak 

Czech  Technical  University,  Institute  of  Radioelectronics,  Institute  of 
Inorganic  Chemistry,  Czechoslovakia 

Mathematical  Modelling  and  Control  System  Design  of  the  CzochralsW  11:30 

and  LEC  Process 

G.  A.  Satunkin  and  A.  G.  Leonov 

Institute  of  Microelectronics  Technology  and  High  nxlty  Materials,  Russia 


Fhjx  Growth  of  Single  Crystals  of  Nd,Pr,,.y,GaO,  Solid  Solutions 
H.  Dabkowska.  A.  DabkowskI  and  J.  E.  Greedan 
McMaster  University,  Canada 

Investigation  of  the  Growth  of  Ndghbortte,  NaMgF, 

S.  Senouota.  A.  Cassanho  and  H.  P,  Jenssen 
Massachusetts  Institute  of  Technology,  USA 


Single  Crystal  Growth  of  Rare-Earth  GaHates  and  Epitactic  Growth  Nature 
of  HIgh-Tc  Superconducting  YBCO  Thin  Rms  on  Them 
S.  Mlvazawa.  M,  Sasaura.  and  M.  Mukald 
Nippon  Telegraph  &  Telephone  Corp,  Japan 


LPE  of  HIgh-Tc  Superconductors 
C.  Nemenz  and  H,  J.  Scheel 
CflISTALLOGENESE  -  IMO,  Switzerland 


11:15 


Indicates  Invited  Speaker 


TUESDAY  AFTERNCX)N  •  AUGUST  18.  1982 


1:46* 

2:30 

2:45* 

3:15 

3:30 

3:45 

4:00 

4:15 

4:30 

4:45 


5:00 


SESSION  4 


Onnd  Bakoom 

Session  Chairperson  -  Q.  Stringfellow,  USA 

lr>-sttu  ArMlysIs  of  OrgarrametaMc  Vapor  Phase  Expitaxy  using  Grazing  Inctdenca  X-ray  Scattering.  O.W.  Kisker,  IBM.USA 


BREAK 


Saas<on4A-Cniaaiaca  Hat  Saaalan4B-Lagwafloaai 

CONVECnON  AND  SEGREGATION  LASER  CRYSTALS  I  (FLUORIOES) 


Session  Chalrpersors  -  R.  A.  Brown,  USA  and 
J.  J.  Favler,  France 


Session  Chairpersons  -  R.  Bett,  USA  and 
V.  V.  Osiko,  Russia 


The  Boundary  Layer  Concept;  A  Key  to  Segregation  Phenomena  In 

Crystal  Growth  from  the  Melt 

J.  J.  Favler.  J.  P.  Garandet  and  0.  Camel 

Centre  d'Etudes  Nuclealres  de  Grenoble.  France 

Analysis  of  the  Bridgman  Growth  of  Semi-transparent  Crystals 
S.  Brandon  and  J.  J.  Derby 
University  of  Minnesota.  USA 


Radial  Segregation  In  Floating-Zone  Crystal  Growth 

C.  W.  Lan  and  S.  Kou 

University  of  WIsconsin-Madlson,  USA 

COFFEE  BREAK 


Ruld  Patterns  m  the  Diffusive  Field  Surrounding  a  Growing  Crystal 

J.  M.  Garcla-Rulz  and  F.  Otalora 

Inst  AndahiZ  de  Geologla  Mediterranea,  Spain 


2:45  *  Recant  Developments  of  New  Laser  Crystals 
BnjcaChal 

University  of  Florida.  USA 


3:15  CaaF:Sm'*  Crystal  Growth  and  Spectroscopy 

J.  P.  Chamlnade,  A.  Garda.  A.  Oppenlander,  J.  C.  Vial,  and 
R.  M.  Mactartane 

Laboratorle  de  Chimie  du  SoHde  du  CNRS,  Laboratorle  de  Spectrometre 
Phsique,  France  and  IBM  Almaden  Research  Center,  USA 

3:30  COFFEE  BREAK 


3:45  New  Fluoride  Crystals  for  Laser  Applications 
A.  Cassanho  and  H.  P.  Jenssen 
Massachusetts  Instltiite  of  TechiK>logy,  USA 

4XX>  Three-DImanslonal  Heat  Transfer  During  the  Seedkig  of  UCAF  Single 
Crystals  In  a  Modffled  Bridgman  System 
S.  Brandon  and  J.  J.  Derby 

University  of  Mlncwsota  and  Lavwence  Livermore  National  Laboratory, 
USA 


Characterization  of  the  Onset  of  Turbulence  In  Liquid  Tin  In  a  Bridgman  4:15 

Conflguratton 

D.  J.  Knuteson,  A.  L.  Fripp,  W.  J.  Debnam,  Jr.,  Q.  A.  WoodeK  and 
R.  Narayanan 

NASA-Lsngley  Research  Cerrter  and  University  of  Rorlda,  USA 

Effect  of  TurbUetKe  Modelling  on  the  Predkttons  of  an  Integrated  4:30 

Thermal-Capillary  Model  for  CzochralskI  Crystal  Growth 
T.  A.  Kinney  arrd  fl.  A.  Brown 
Massachusetts  Institute  of  TechtKilogy,  USA 


Growth  of  Hlgh-QuaHty  Yb-Ooped  Fluoro-ApaUte  tor  Advanced  Laser 
Applications 

W.  L  Kwev.  S.  A.  Payrre.  W.  F.  Krupke.  L  D.  DeLoach,  L  K.  SmRh,  and  J. 
B.  Tassano 

Lawrerrce  Livermore  National  Laboratory.  USA 

Characterization  of  the  LISrAIF^-LISrCrF^  Solid-Solution  lor  Cr-Laser 
Applications 

W.  L  Kwev.  B.  Rupp.  S.  A.  Payne,  W.  F.  Krupke,  L  K.  Smith.  L  D. 

DeLoach,  and  J.  B.  Tassano 

Lawrence  Livermore  National  Laboratory 


Control  of  Radiative  Heat  Transfer  In  Shaped  Seml-Tranaparent  Crystals 
Being  Mled  from  the  Melt 

V.S.  Yuferev.  M.  G.  Vasller,  E.  N.  Kolesnikova  and  l_A.  Stefanova 
A.F.  Ioffe  Phys-Tech  Institute,  Russia 


*  IrMfrcates  Invited  Speaker 


TUESDAY  EVENING  -  AUGUST  18.  1992 

BMMHal 

Poster  Sessions  #  1  aikf  #  2 


TUESDAY  AFTERNCX)N  -  AUGUST  18,  1992 


1:45* 

2:30 

2:45  * 

3:15 

3:30 

3:45 

4:00 

4:15 

4:30 

4:45 

5:00 


S:00 


SESSION  4 


Qnwd  Dalroniii 

Session  Chairperson  -  Q.  Stringfellow,  USA 

In-situ  Analysis  of  OrganometaHIc  Vapor  Phase  Expitaxy  using  Qrazing  Incidence  X-ray  Scattering,  D.W.  Nsker,  IBM 
BREAK 


Seaalan  4  C  -  Momar  Rooas 

lll-V  EPITAXIAL  GROWTH  I 


Session  Chairpersons  -  G.  B.  Stringfellow,  USA  and 
J.  NIshIzawa,  Japan 

Novel  Precursors  for  Organometalllc  Vapor  Phase  Epitaxy 

Q.B.  Stringfellow 
University  of  Utah,  USA 


The  Modeling  of  MOVPE  QaAs  Growth  from  (C,H  J^GaCI  and  AsH, 
Assumittg  Thermodynamic  Equilibrium  at  the  Growth  Front 
M.  Hlerlemann  and  T.  F.  Kuech 
University  of  Wisconsin,  USA 

MOVPE  Growth  of  InGaAsP  Using  EDMIa  TBP  and  TBA  For  Optical 
Devices 

M.  Ooasawara  and  Y.  Imamura 

NTT  Integrated  Opto-Electronics  Lab,  Japan 

COFFEE  BREAK 


MOCVD  Growth  of  InAs  from  Monoethyl  Arsine 

R.  J.  Egan 

Macquarie  University,  Australia 

The  Growth  of  InSb  Using  Alternate  OrganometalUc  Sb  Sources 
R.  M.  Blefeld 

Sandia  National  Laboratories,  USA 


Saaaton  4  D  -  *VW«e  Whwsr  Room 

SUPERCONDUCTORS  II 

Session  Chairperson  -  S.  AbeH.  UK  & 

L  Schneemeyer,  USA 

2:45  *  Single  Source  MOCVD  of  Epitaxial  Oxide  Thin  Rims 

R.  Hlskes.  SJL  DtCaroUs,  R.D.  Jacowltz,  Z.  Lu,  R.S.  Felgelson 
and  J.LYoung 

Hewlett  Packard  Laboratories,  Stanford  University  and  Umverstty  of 
CaMomla-  Los  Angles,  USA 

3:15  Solid  Source  MOCVD  For  Oxide  INn  Film  Growth 

2.  Lu.  R.  S.  Felgelson,  R.  K.  Route,  S.  A.  Decaroks,  arxf  R  Hlskes 
Stanford  University  aixf  Hewlett  Packard  Laboratories,  i  SA 


3:30  COFFEE  BREAK 


3:45  OMCVD  Growth  of  YBa,Cu,0,  Thm  Rms  on  StTK),  And  LaAIO, 

W.J.  DeSIsto.  R.L  Henry,  H.S.  Newman,  M.S.  Osofsky 

and  V.  C.  Cestone 

Naval  Research  Laboratory,  USA 

4:00  Growth  of  Epitaxial  BI,Sr,Ca,.  ,CuOa,.«  Fkms  by  Pulsed  Laser  Ablation 

S.  Zhu.  D.  H.  Lowndes,  B.  Chakoumakos,  R.  Feenstra.  arxj  X.-Y.  Zheng 
Oak  Ridge  National  Laboratory  arxf  University  of  Tervressee,  USA 

4:15  *  Growth  of  Superconducting  Whiskers  In  Bismuth  System 
I.  Matsubara.  H.  Yamashita  arxf  T.  Kawai 

Government  Industrial  Research  Institute  arxf  Osaka  University,  Japan 


Study  on  Interfaces  of  MOVPE  GaAs/AI,Ga,.,As  Quantum 
Heterostructures 

X.  Xu,  H.  Ren,  B.  Huang,  S.  Uu,  aixl  M.  Jlano 
Shandong  University,  PR  China 

Novel  Characterization  Techniques  to  Obtain  Basic  SemlcorKkictor 

Properties  In  Epitaxial  Crystals  and  Quantum  Wen  Structure 

B.  K.  Mever.  C.  Wetzel,  P.  Omilng,  and  F.  Schotz 

Technical  University  Munich,  University  of  Lurxl  and  University  Stuttgart 

Germany 

Absolutely  Stable  Strained  Superlattices:  Formation  Via  Coherent 
Rtase  Separation  of  Semicorxluctor  Alloys 
I.  P.  Ipatavta,  V.  G.  Malyshkfri,  A.  Yu.  Maslov,  and  V.  A.  Shchukin 
A.  F.  Ioffe  Physical  Technical  Institute,  Russia 


*  Imkcates  Invited  Speaker 


4:45  Detailed  Study  on  High  Tc  Phase  of  BISrCaCuO  From  High  Temperature 
Solutions 

S.  MlvasNta.  H.  Komatsu,  T.  Inoue,  S.  Hayashi,  H.  HorlucN,  arxf  S.  Sueno 
Tohoku  University,  University  of  Tokyo  arx)  University  of  Tsukuba,  Japan 


5:00  Crystal  Growth  and  Supercocxfuctlvlty  of  Bl, .  ,Pb,.,Sr,CaCu20, 
U  Zhang,  J.  Z.  Uu.  M.  D.  Lan,  P.  Navlns,  arid  R.  N.  Shelton 
University  of  CaWomla  -  Davis.  USA 


5:15  Growth  of  Large  Size  Single  Crystals  arxf  Whiskers  of  Bi,Sr,CaCu,0,  by 
Step  Cooling  Method 

R.  Javavel.  C.  Sekar,  P.  Murugakoothan,  C.  R.  Venkateswara  Rao.  C. 
Subramanlan,  arxl  P.  Ramasamy 
Arwia  University,  Irxfla 


TUESDAY  EVENING  -  AUGUST  18,1992 


BMbttHal 

Poster  Sessions  #  1  and  #  2 


WEDNESDAY  MORNING  >  AUGUST  19,  1992 


8«J* 


8:45 


9«)* 


9:30 


9:45 


10:00 


10:15 


10:30 


10:45 


11:00 


11:15 


11:30 


11:45 


SESSION  5 


Qtand  Brikoofli 

Session  Chairperson  -  A.  Jordan,  USA 

Towards  Understanding  the  Growth  Mechanisin  of  lll-V  Semiconductors  on  an  Atomic  Scale 
T.  Nlshlnaga  and  T  Suzuki.  University  of  Tokyo,  Japan 


BREAK 


Sesaian  5  A  -  Ciqiaiiiaca  Room 

CONVECTION  AND  CONVECTIVE  INSTABIUTIES 

Session  Chairpersons  -  S.  CorleH,  USA  and 
Q.  Muller,  Germany 

The  Effect  of  Gravitational  Modulation  on  Thermosolutal  Convection  9:00 
During  Crystal  Growth 

S.  R.  Corlell.  B.  T.  Murray,  B.  V.  Saurrders.  G.  B.  McFadden, 
arxl  A.  A  Wheeler 

National  Institute  of  Standards  and  Technology.  US^ 

9:15 


Control  of  MarangonI  Convection  for  FZ  Crystal  Grovrth  9:30 

T.  Carlbero  and  M.  Levenstam 

Univ.  of  Sundvall  and  Royal  Institute  of  Techrrology,  Sweden 

Convective  Instability  During  Directional  Solidification  9:45 

of  Pseudo-Binary  Systems 
J.  C.  Han  and  S.  Motakef.  USA 
Massachusetts  Irvstitute  of  Techrtology,  USA 

COFFEE  BREAK  10:00 

Row  Mode  Transitions  during  Crystal  Growth  In  a  Centrifuge  10:15 

W.  A  Arnold.  W.  R.  Wilcox,  F.  Carlson,  L  L  Regel,  and  A  Chalt 
Clarkson  University,  Intematlon  Center  for  Gravity  SclerKe  and 
Applications  and  NASA  Lewis  Research  Carrier,  USA 

Directional  SolldHIcotlon  with  ACRT  10:30 

J.  Zhou.  M.  Larrousse  arrd  W.  R.  Wilcox 
Clarkson  University,  USA 

Convection  and  Segregation  Durirtg  Growth  of  Ge  and  InSb  Crystals  10:45 

by  the  Submerged  Heater  Method 

A.  G.  OstroQorskv.  H.  J.  SeM,  S.  Scharl,  arrd  G.  Muller 

Columbia  University,  USA  and  Universitat  ErtorrgeivNumberg,  Gerrrrarry 

Heat  Transfer  Analysis  and  Structural  Perfection  of  Shaped  ll-OO 

Semi-Transparent  Crystals 
I.  NIcoara.  D.  NIcoara  and  D.  VIzman 
University  of  Timisoara,  Romania 

Groiwlh  of  2"  Ge:Ga  Crystals  by  the  Dynamical  VQF  Process  arrd  Its  11:15 
Numerical  Modelling  Including  Trarrslent  Segregation 
O.  Hofmann.  T.  Jung  and  G.  Muller 
Universitat  Erlangerr-Numberg,  Germany 

Numerical  Study  of  Czochrolskl  Silicon  Full  Process  Thermokkretlcs  11:30 
A  VIrzl 

MEMC  Electronic  Materials,  Italy 


Modelling  of  Heat  arrd  Mass  Trorrsport  under  Low  Frequency  Vibrations  11:45 

of  Crystal  In  Directed  Sdldltlcation  Technique 

G.  A  Dolgikh,  E  V.  Zharikov.  A  Z  Myaldun,  N.  R  Storozhev, 

N.  K.  Tolochko,  arrd  A  I.  Feonychev 
Russian  Academy  of  Sciences.  Russia 


Saaeian  5  B  -  Lagara  Room 

LASER  CRYSTALS  II  fOMDES  AND  6ARNETS1 

Session  Chairpersons  -  B.H.T.  Chai,  and 
RE  Fahey.  USA 

Disordered  Oxide  Crystal  Hosts  for  Diode  Pumped  Lasers 
M.  H.  Rarrdtes.  J.  E  Creamer.  RF.  Bett.  GJ.  Quarles,  and 
L  EsterorMtz 

Litton  AIrtron  and  Naval  Research  Laboratories,  USA 


Growth  and  Characterization  of  Calcium  Niobium  GaWum  Garnet  (CNGG) 

Single  Crystals  tor  Laser  Applications 

K.  Shimamura.  M.  Timoshenchkin,  T.  Sasaki,  K.  Hoshlkawa 

aixf  T.  Fukuda 

Tohoku  University  arrd  Osaka  University,  Japan 

SI  and  Mg  Doped  GOG  Single  Crystals 

M.  Gobbels,  S.  KImura.  K.  Larxier,  and  E  Woermaim 

RWTH  Aachen.  Institute  tor  Mlneralogle  und  Kristallographle,  Germany 

and  National  Institute  for  Research  In  Inorganic  Materials,  Japan 

The  Behavior  of  Chromium  loirs  In  Forstertte 
Y.  Yamaouchl.  K.  YamagIshI  and  Y.  Nobe 
Mitsui  Mining  &  Smelting  LTD.  Japan 


Czochrolskl  Growth  of  Rare  Earth  OxyorthosWcate  Single  Crystals 
C.  L  Melcher.  R  A  Manenete,  C.  A  Peterson,  and  J.  S.  Schweitzer 
Schlumberger-Ooll  Research,  USA 

COFFEE  BREAK 


Physical  fVopertles  of  a  Y,AI,0,,  Melt 
V.  J.  Fratello  and  C.  D.  Brandle 
AT&T  BeH  Labs,  USA 

Metastable  CrystaMzatlon  of  Nd,Ga,0„  and  Gd,Ga^,,  Garnet  Melts 

S.  A.  Markorat.  M.  Gobbets  and  S.  KImura 

National  Institute  for  Research  In  Inorganic  Materials,  Japan 


Top-Seeded  Solution  Growth  of  Vanadate  Garnets 
B.  A  Wechsler  and  C.  C.  Nelson 
Hughes  Research  Laboratories,  USA 


Theoretical  Growth  Forms  of  Natural  Garnets 

M.  M.  R  Boutz  and  C.  F.  Woensdreot 

Institute  of  Earth  Sciences  Utrecht.  The  Netherlands 


Crystal  Growth  arvj  Characterization  of  New  Laser  Materials 
R  Collonoues.  A.M.  Lejus,  J.  Thery  and  0.  Vivien 
Loboratolre  de  Chimie  Applique  de  I'Etat  SoMe,  FraiKe 

Crystal  Growth  of  YVO,  Using  the  LHPG  Technique 
S.  Erdleand  F.  W.  Alrtger 
Pennsylvania  State  University,  USA 


Indicates  Invited  Speaker 


WEDNESDAY  MORNING  •  AUGUST  19.  1992 


SESSION  S 


QnndBifeooiii 

Session  Chairperson  -  A.  Jordan,  USA 

8:00  Towards  Understanding  the  Growth  Mechanism  of  IM-V  Semiconductors  on  an  Atomic  Scale 

T.  NIshInaga  and  T  Suzuki,  University  of  Tokyo,  Japan 


Saaafon  S  D  -  miMte  Wfeiaar  Room 

SUPEnCONDUCTORS  III 

Session  Chairpersons  -  M.  ScNeber,  Israel  and 
I.  Matsubara,  Japan 


8:45  BREAK 

Seaahin  S  C  '  Mooiar  Hoorn 

lll-V  EPITAXIAL  GROWTH  II 

Session  Chairpersons  -  T.  F.  Keuch  and 

T.  NIshInaga,  Japan 

9:00  *  Two  Dimensional  Carrier  Confinement  In  GaAIAs  Quantum  Arrays 
Grown  by  MBE 
Pierre  Petroff 

University  of  CaUfomla  Santa  Barbara,  USA 

9:30  Equilibrium  Gas-phase  Composition  aiKf  Thermodyrwmic  Properties 

Including  Subhydrides  In  the  Pyrolysis  of  AsH,  and  PH, 

A.S.  Jordan  and  A.  Robertson 

AT&T  Bell  Laboratories  and  Engineering  Research  Center,  USA 

9:45  Monte  Carlo  Simulation  of  U1,-Type  Ordering  Due  to  Surface  Step 
Migration  In  the  Epitaxial  Growth  of  lll-V  Semiconductor  Moys 
M.  Ishimaru,  S.  Matsumura.  N.  Kuwano,  and  K.  Okl 
Kyushu  University,  Japan 

10:00  COFFEE  BREAK 


10:15  Growth  Kinetics  by  MBE  on  Flat  and  Stepped  Surfaces 
T.  Uchida,  T.  Uchlda  and  K.  Wada 
Hokkaido  University,  Japan 

10:30  A  Study  of  Group-V  Desorption  from  InP,  InAs,  QaP,  and  GaAs  by 
Reflection  Hlgh-^ergy  Electron  Diffraction  During  Gas-Source 
Molecular-Beam  Epitmy 

B.  W.  Llano  and  C.  W.  Tu 
University  of  California,  San  Diego,  USA 

10:45  Highly  Carbon-Doped  p-TypeGa,.,|n,,,As  By  Carbon  Tetrachloride  In 
Gas-Source  Molecular  Beam  Epitiuq' 

T.  P.  CWn.  P.  D.  Klrchner,  G.  D.  PItttt,  C.  Un,  J.  M.  Woodall 
and  C.  W.  Tu 

IBM  T.J.  Watson  Research  Center  and  University  of  Callfomia  San  Diego, 
USA 

1 1 KX)  Growth  of  SemIcorKluctors  by  LPE 

E.  Bauser  and  H.P.  Strunk 
MPI  frjr  Festkorperforschung,  Germany 


11:30  Structure  of  the  Growth  Surface  of  QaAs  Grown  on  (001)  GaAs  by 
Liquid  Phase  Epitaxy 
H.  P.  Strunk  and  T.  Marek 
Universitat  ErlangetvNumberg,  (Bermany 


9:(X>  *  CrystaHzatkxi  of  Oxide  Superconductors  from  Molten  Hydroxide 
Ann  M.  Stacy 

University  of  Callfomla-Berkeley,  USA 


9:30  High  Oxygen  Pressure  (P„<  3000  bar)  P-T-x  Phase  Diagram  of  the 
Y-Ba-CirO  System 

E.  Kaldte,  J.  KamlnskL  S.  RusleckL  and  E.  JRek 
ETH  -  Zurich,  Switzerland 

9:45  Riase  Diagram  aixl  Crystal  Growth  of  (Y,.,ffr  J,Ba,Cu/>,., 

C.Chen.  B.  M.  Wanklyn,  H.  Yongle.  A.  K.  Pradham,  J.  W.  Hodby,  S. 

Hazel,  F.  R.  Worxlre,  and  A.  Boothroyd 
University  of  Oxford,  arxl  University  of  Warwick,  UK 

10:(X)  Crystal  Growth  Mechanism  of  YBa,Cu,0,  Superconductors  With  Perltecdc 
Reaction 

T.  IzumL  Y.  Nakamura,  and  Y.  Shlohara 
Intematl  Superconductivity  Tech  Center,  Japan 

10:15  COFFEE  BREAK 


10:X  CZ  Growth  of  YBa,Cu,0.  Single  Crystals 

C.  T.  Lla  E.  Schonherr,  H.  Betxfer,  and  W.  Y.  Uang 
University  of  Cambridge,  UK  and  Max-Planck-lnstItute,  (Sermany 


10:45  On  the  Role  of  Electron  aixf  Optical  Microscopy  In  the  Study  of  Pregrowth 
and  Postgrowth  History  of  Some  Cuprate  Crystals 
A.  J.  S.  Chowdhurv  arxl  B.  M.  Wanklyn 
University  of  Oxford,  UK 


11:00  Surface  Analysis  of  Ln,.,Ce,CuO,  (Ln-Pr  arxl  Nd)  Single  Crystals  Grown 
by  the  Top  Seeded  Solution  Method 
L  C.  Serxiuota  and  S.  Sengupta 

U. S.  Army  Materials  Tech.  Laboratory  arxl  Massachusetts  Institute  of 
Techrxilogy,  USA 

11:15  Real  Structure  of  La,.,Sr,CuO.  Single  Crystals 
K.  V.  (3amayurx>v 
General  Phj^s  Institute,  Russia 

11:30  Techrxitogteal  Parameters  Influence  on  the  Morphology  arxl  the 

Temperature  of  Superconducting  Transition  In  La,.,Sr.CiK>,  Single 
Crystals 

V.  V.  Voronkov,  K.  V.  Gamavurxrv.  V.  I.  Zorya,  A.  L  Ivanov,  V.  V.  Osko, 
V.  0.  Tatarkitsev,  A.  I.  Chernov,  arxl  Ya  P.  Yakovets 

General  Physics  Institute,  Russia 


Indteates  Invited  Speaker 


THURSDAY  MORNING  •  AUGUST  20.  1992 
SESSIONS 


SKX)* 

a:45 

9:00* 

9:30* 

10«) 

10:15 

10:30 

10:45* 

11:15 

11:30 

11:45 


aidPifcciaiw 

Session  Chslrpsrson  -  D.T.J.  Hurle,  UK 


lOCQ  FRANK  PRIZE  LECTURE.  Role  of  InstsbHUes  In  Oetermlnstlon  of  the  Shapes  of  Srowlng  Crystals. 
Robert  F.  Sekerha.  Carnegie  Mellon  University,  USA 


BREAK 


SMMlofi  6  A  *  CiQiMMCtt  Room 

MORPHOLOGICAL  STABIUTY 

Session  Chairperson  -  R.  F.  Sekerfca.  USA  and 
V.  V.  Voronkov,  Russia 

Growth  Morphologies  In  Olfluslon  Field  9:00 

Y.  Salto.  M.  Uwaha  and  T.  Saklyama 
Kelo  University,  Japan 

9:15 


Simulation  of  Microscopic  Growth  Morphologies  In  Binary  Systems  9:30 
R.  Xiao.  J.  Iwan  Alexander,  F.  Rosenberger  and  kPfa.  Mkig 
Univ.  of  Alabama,  Huntsville,  USA 


9:45 


COFFEE  BREAK  10:00 


Monte  Carlo  Simulation  of  Morphological  Instability  hi  Step  10:15 

Row  Growth 
C.  C.  Hsu 

The  Chinese  University  of  Hong  Kong,  Hong  Kong 

Fluctuation  of  Steps  hi  Surface  Diffusion  Field  10:30 

M.  Uwaha  and  Y.  Salto 
Tohoku  University,  Japen 

Stability  of  Vichial  Faces;  Growth  Kinetics  10:45 

A.  A.  Chernov 

Institute  of  Crystallography.  Russia 

11«) 

Nonlinear  Analysis  hi  Rapid  SoUdlflcatlon  11:15 

R.  J.  Braun.  3.  J.  MerchanL  K.  Brattkus,  and  S.  H.  Davis 


National  Institute  of  Standards  and  Technology.  Stanford  Univeraity, 

CaWomla  Institute  of  Technology  and  Northwestern  University,  USA 

Thermal  Effects  hi  Rapid  Dhectlonal  Solidification  11:30 

D.  A.  HunMev  and  S.  H.  Davis 
Northwestern  University,  USA 


CeMar  Solldificatfon  with  Anisotropic  Diffusion  11:45 

D.  A.  Kurtze 

North  Dakota  State  University,  USA 


12«0 

*  Indteates  Invited  Speaker 


Saaaton  S  B  -  Lagwa  Rooai 

OWOe  CRYSTAL  GROWTH 

Session  Chairpersons  •  J.  Wencfcus,  USA  arxl 
F.  Ahiger.  USA 

Crystal  Growth  of  FeBO,  by  Top  Seed  Solution  Method 
D.  NlandP.  Shen 

Research  Institute  of  SyiMhetlc  Crystals,  PR  China 

Crystal  Growth  of  PbUO,  by  a  SeH-lluc  TechrSque 

B.  N.  Sun.  Y.  Huang  and  0.  A.  Payne 
University  of  Mlnols.  USA 

The  Growth  of  Barium-Strontium  Utanate  (Ba,.^,T10,)  Single  Crystals  by 
the  FZ  Method 

H.  KoJIma.  M  and  I.  Tanaka 

Yamanashl  Unhrerslly.  Japan 

Hydrothermal  Growth  of  Bismuth  SWcate 

1*  •'  Lf****"  Harris,  J.  E.  Cormier,  R.  N.  Brown,  wid  A.  F.  Armbiglon 
Rome  Laboratories  and  Parke  Mathematical  Laboratory,  USA 

SoUd-LiquId  Interface  In  the  Growth  of  SMenlte-Type  Crystals 
J.  Mardnez-Lopez.  M.  A.  CabrUlero.  M.  T.  Santos.  L  ArIzmendL 
and  E  Dteouez 

UnIversIdBd  Autonoma  de  Madrid  and  Umversldad  de  Cadiz.  Spain 
COFFEE  BREAK 


Modelling  of  Directional  Solidification  of  BSO 

C.LInandS.  Motaket 

Massachusetts  Institute  of  Technology.  USA 

TwdnrSng  and  Dislocation  hi  the  Brtdgman-GroiMi  LI,B,0,  Crystals 
R-Y.  Sua  S.-J.  Fan  arxl  Y.-B.  Xu 
Shanghai  Institute  of  Ceramics,  PR  China 

Crystal  Qrowtti  and  Magnetic  Characterization  of  Zn,.,Mn^,Oa  Single 
Crystals 

F.  Leccabue.  B.  E  Watts.  O.  CalestanL  D.  FloranI  and  V.  Sagredo 
MASPEC  Instituta.  Italy  arxl  Universidad  de  Los  Arxles.  Venezuela 

A  Gas  Phase  Supported  Liquid  Phase  Sintering  Process  Applied  to  the 
Growth  of  Large  Homogeneous  EuO  Single  Crystals 
K.  J.  Rscher.  U.  Kobler,  B.  Stroka,  K.  BIckmarvi,  and  H.  WenzI 
Forschungszentrum  JuNch.  IFF  and  Universitat  Karlsruhe,  Germany 

Growth  of  HO,  Rbbon  Crystals  by  Edge-Defined  Rkn-Fed  Growth 
Method 

H.  Machida.  K.  HosNkawa  arxl  T.  Fukuda 
Tohoku  University,  Japan 

The  Growth  of  Dome-Shaped  Sapphire  Crystals  by  the  GSM 
A.  Horowitz.  S.  Blderman,  Y.  Ekiav,  0.  Ben  Amar 

and  M.  Weiss 

Nuclear  Research  Center.  Negev.  Israel 


Hydrothermal  Synthesis  arxl  Morphology  of  Li,B,0,  Crystals 

K.Byrai»aandK.V.K.Shekar 

University  of  Mysore,  Indta 


THURSDAY  MORNING  -  AUGUST  20,  1982 
SESSIONS 


OaidBifeoaai 

Session  Chairperson  -  O.T.X  Hurte,  UK 

8KX>*  IOCS  FRANK  PRIZE  LECTunE,  Role  of  InstabHUes  In  Oetarmlnellon  of  the  Shapes  of  Qrowing  Crystals. 


Robert  F.  Sekertia.  Carnegie  Melon  University.  USA 

8:45  BREAK 

Seaalan  6  C  -  Moanar  Rooas 

WIDE  BANDQAP  MATERIALS  I  (QaN.  SC.  REFRACTORIES.  ETC.! 

Session  Chalrpersotts  -  R.  H.  Hopkins.  USA  and 
I.  Akaskl,  Japan 

9:00  *  Qrowth  of  QaN  and  AIQaN  for  UV/Blue  p-n  Junction  Diodes 
I.  Akasakl.  H.  Amano  and  H.  Murakami 
Nagoya  University,  Japan 


9:30  *  Morphological  Propertlas  of  CVD  AIN  Flms 

R.  Rodrlguez-Clemente 

InstItuI  de  Clenda  de  Materlales,  Spain  and  ISQMFONRS  Laboratoire  de 
Physlochemie  des  Materiaux.  Frarrce 

10K)0  COFFEE  BREAK 


10:15  SIC-AIN  Solution  Qrowth  by  Metalorganie  Chemical  Vapor  Deposition 
V.  A.  DmHrlev.  K  Q.  Irvine,  I.  Jenkins,  X  Tana  and  M.  S.  Spencer 
Howard  University,  USA 

10:30  Growth  of  Urge  SIC  Single  Crystals 

D.  L  Barrett  R.  C.  Seldenstlcker,  J.  P.  McHugh,  H.  M.  Hobgood, 

R.  H.  Hookins.  and  W.  J.  Choyke 

Westinghouse  Electric  Company  and  University  of  Pittsburgh,  USA 

10:45  Blue  Photolumlnescertce  at  Room  Temperature  In  ZlvOoped  Single 
Crystals  of  Cu  Al  S, 

XSato 

Tokyo  University  of  Agricutture  and  Technology,  Japan 

11KX)  Floating  Zone  Growth  of  Monochromator  Qrade  Crystals  of  YB^ 

Y.  Kamlmura.  T.  Tanaka,  S.  OtanI,  Y.  laMzawa.  Z.  Rek,  and  J.  Wong 
Natlonai  Institute  tor  Research,  Japan,  Stanford  University  and  Uwrenca 
Livermore  Natlonai  Laboratory,  USA 

11:15  A'eparatlon  of  Boundary-Free  LaB(  Single  Crystals  by  the  TraveSng 
Solvent  Floating  Zone  Method 

S.  OtanL  S.  Honma,  T.  Tanaka,  and  Y.  Ishttawa 

National  Institute  for  Research  In  Inorganic  Materials,  Japan 

11:30  Use  of  the  Bridgman  Method  for  Growth  of  Perltectic  Compounds 

T.  CaMat,  J.P.  Flaurlal  and  A.  Borshchevsky 

CaWomla  Institute  of  Technology  Jet  Propulsion  Laboratory,  USA 

11:45  Electrodeposition  of  Molybderum  onto  the  Best  Single  Crystal 
Molybdenum  Substrates  from  Molten  Salts 

N.  0.  Esina.  A.  N.  Baraboshkin.  V.  0.  Esm,  Z.  I.  Valeev,  L  M.  Mkichenko, 
A.  A.  Pankratov,  and  D.  M.  Tagirova 
Instituta  of  Electrochemistry,  Russia 


Saaalan  S  D  -  lM«a  WMaar  Roaas 

AQUEOUS  SOLUnCN  QROWTH  I  IBKMWtTERIALSI 

Session  Chairpersons  -  A.  McPhersoa  USA  aiKf 
R.  QIage,  Franca 

9<I0*  Towards  an  Undarstandbig  of  the  ftecrystaMzatIn  and  Early  Stages  of 
Qrowth  of  Biological  Macromolecules:  The  Influence  of  Macromolecular 
Homogeneity 

R.  Qlege,  B.  Lorber,  M.  S.  Kourl,  J.  P.  Munch  and  S.  Candau 
InsL  of  tHo.  Molec  t  Cefl,  CNRS,  France 

9:30  *  Growth  artd  Dissolution  NneUcs  of  Lysozyme  Crystals 
F.  Rosenberoer.  LA.  Monaco,  and  N.-b.  Mlrig 
Univerally  of  Alabama,  HuntsWte,  USA 


lO.'OO  Nudeatlon  Rwnomana  In  CrystaMzadon  of  SateMte  Tobacco  Mosaic 
Virus  (STMV) 

A.  J.  fitafliln  and  A.  McRierson 
Univaralty  of  Caflfomla  Davis,  USA 

10:15  COFFEE  BREAK 


10:30  Thermal  Methods  In  Protein  Crystalflzatlon 
a  C.  DcMattel  and  a  S.  Felgelson 
Stanford  University,  USA 


10:45  CrystaMsatton  of  Nortriptyline  Hydrochloride,  A  Tricycle  AnUdepressant 
M.  L  MacCalman  and  X  J.  Roberts 
University  of  Strathclyde,  UK 


11KX>  Growth  and  Morphology  of  Cholesterol  In  Model  Bles 
F.  C.  Voogt,  a  M.  Qeertmea  H.  Meekes.  and  B.  Groen 
University  of  Nijmegen,  The  Netherlands 


11:15  On  the  Morphological  and  Chemical  StabWty  of  Vitamin  C  Crystals 
S.  Halasz  and  B.  Bodor 

Research  Institute  tor  Technical  Chemistry,  Hungery 


11:30  Factors  Affecting  the  Morphology  of  IsocItrate  Lyase  Crystals 
a  C.  DeMattel.  a  S.  Felgelson  end  P.  Weber 
Stanford  University  and  DuPont  Merck  Pharmaceutical  Co.,  USA 


Iniflcates  Invited  Speaker 


THURSDAY  AFTERNOON  -  AUGUST  20, 1902 


SESSION? 

S—slon  Ctmrpf«oo  -  R.  A.  Uudtaa 

1:30  KXQLAUOtSEPHZE  LECTURE  I,  Oavitopinant  ef  Skid  MaMng  and  CiyataMzalloa  PwtMy  StMzad  ZIrconIa 
V.  V.  Oafto.  Ruaalan  Acadamy  of  Sctaneaa,  Ruaala 

2:15  BREAK 

2:30  IOCQLAUOSEPRI2E  LECTURE  H,  Masa  ftaductlon  o(  Raftactoiy  ODdda  CiyaWa:  Cubic  ZIrcoflIa. 

Joaaph  F.  Wanctaia,  Caraa  Corporadon,  USA 


3:15 


Poatar  Saaaiona  #  3  and  #  4 


THURSDAY  AFTERNOON  -  AUGUST  20. 1902 


SESSION? 

QrandBikaaai 

Sasalon  Chairperson  -  n.  A.  LHidto* 

1:30  lOCQ  LAUOISE  PnZE  UECTURE I.  OevetopineM  of  Skul  MeMng  and  CrystaMzatlon.  Plrtaliy  StaMbed  ZIrcotila 
V.  V.  Osko,  Russian  Academy  of  Sdences,  Russia 

2:1S  BREAK 

2:30  lOCQ  LAUOISE  PRIZE  LECTURE  II.  Mess  Production  of  Refractory  (Mda  Crystals:  Cubic  ZIrconla. 

Joseph  P.  Wstwlius,  Ceres  CorporsMon,  USA 


BMbKHal 

3:15  Poster  Sessions  #  3  and  #  4 


FRIDAY  MORNING  -  AUGUST  21,  1982 
SESSIONS 


8«)* 

8:45 

9M* 

9:30 

9:45 

10:00 

10:15 

10:30 

10:45 

11O0 

11:15 

11:30 


Swilon  Ctwirpafson  •  A.  A.  Chatnov,  RumIb 


Non  In— f  Eltact*  In  Impurity  IncofporaDon  In  Samiconductor  MaK  Qrawlti.  V.V.  Voronkov,  Inatttula  at  Rara  Metals.  Russia 
BREAK 


DENOnmC  QROWTH  AND  PATTERNS 

Sasalon  Chakparsons  •  M.  QIcksinan.  USA  and 
Y.SMo.JMian 

Formation  of  RMtams  during  Qrowth  of  Snow  CrysWa  0KX> 

Etauro  Yokoyama 

Kyushu  Inst  otTachnology.  Japan 

9:15 


C— Mary  enacts  at  Dynamic  CiystMIMaltlntarMcas  9:30 

M.EQIchsinanandS.  P.  Marsh 

Ranssalasr  Pdytachnlc  InstKuta  and  Naval  Rasaarch  LMioratorias.  USA 


Surlsce  Tension  Anisotropy  and  CaMka  Structure  Formation  9:45 

In  Free  SoMHIcatlon 

V.  Pinas.  M.ZIatkowakl  and  A.  Chan 

NASA  Lewis  Spaca  Research  Cantar,  USA 

COFFEE  BREAK  10:00 


Threa-Olmaralonal  PMtem  Formations  at  Growth  of  lea  Dandritas  10:15 

Y.  Furukaum  and  W.  SHmada 
HokkNdo  University,  Japan 

Dendritic  Growth  of  Cydohexane  10:30 

R.  M.  Qeartman,  E.  P.  Q.  van  dan  Barg  and  P.  Bamema 
Univarslly  of  Nijmegen,  The  Netharlands 


Effects  of  High  Magnetic  Fields  on  Fractal  Grovrih  of  lead  10:45 

MotaKeaves 

I.  MogL  S.  Okubo  and  Y.  Nakagawa 
Tohoku  UnIvarsIty,  Japan 

ExpartmenW  Studtes  on  the  Pattam  Formation  In  Aqueous  Sokillon  11KX) 
FIm  System 

Mje£na*PdN.-b.Mng 
Nanfng  Univsrsity,  PRChkw 


Thermal  Evolullon  of  EquMbrium  Crystal  Shape  of  a-Ag^S  '*'*='*5 

T.  Ohachl  and  I.  TanIguM 
DosNsha  Univarslly.  Japan 


The  FMIsrtass  enact  on  Crystal  EquMbrtum  Shape  11:30 

D.  Aoulano.  R.  Kam  and  M.  Rubbo 

Univarsita  Oagl  StudI  dl  Torino.  Italy  and  CRMC2-  CNRS  Lumbiy,  Franca 


11:45 


*  Indteatas  Invitad  Speaker 

12.-00 


Saaalan  B  B  -  Laguna  Rooai 

ll-VI  GROWTH  I 

Session  Chakparsons  -  J.  B.  MuRn,  UK  and 
M.  Brown.  USA 

Vapor  Growth  and  Charactarizatlon  of  CdTa  Buk  Skigla  Crystals 

H.WIadamalafandG.H.WU 

Ranssalaar  Polytachnic  Institute.  USA 

CondMon  for  Growing  Sktgla  and  Twinned  Crystals  ki  CdTe  Vapor  Riase 
Epitaxy 

M.  Kaauga.  L  U  and  Y.  Yoshloka 
YamanaaM  UnIvarsIty.  Japan 

Charactarizatlon  of  Large^meter  Single-Crystal  CdTe  Grown  by  the 
Vartical  Bridgman  Method 

L  Q.  Casaoranda.  0.  DIMarzIo.  D.  J.  Larsoa  Jr..  M.  Dudley 
andT.  Fanning 

Grumman  Corporation  and  Stony  Stoneybrook.  USA 

Large  (Cd.2n)  Te  Single  Crystals  Qrovwi  by  the  Horizontal  Bridgman 

Techniqua 

P.  ICLIao 

Texas  Instruments.  Inc..  USA 

State  and  Distribulion  of  Point  Defects  ki  Doped  and  Undoped 
BrIdgmatvGrown  CdTe  Single  Crystals 

K.  W.  Benz.  0.  Skiartus,  C.  Bche,  B.  K.  Meyer.  D.  M.  Hofmarm.  C.  Atrers, 
R.  Boyn.  P.  Rudolph,  and  H.  Zlmmermarm 

Albart-Ludwlgs-Unlversltat  Fretrurg,  Technical  Umversily  of  Munich  and 
Humboldt  University  of  Barlki.  Germany 

COFFS  BREAK 


Detects  In  C  dTe  Bridgman  Monocrystals  Caused  by  Nonstoichlometrtc 
Growth  CondWons 

P.  Rudolph.  M.  Neubert  and  M.  MikUber 

Humbokfl  Univeralty  of  Berin  arxl  Institute  Crystallography  arxl  Material 
Sciance.  Germany 

Photoluminescence  (PL)  Spectra  of  Cd,.,Zn,Te  Substrates.  Correlated  to 
the  Free  Charge  Carriers  of  HgyCd,.,Te  Epitardal  Layers 
M.  Azoulav.  a  Tenne  and  H.  Feldst^ 

Scrag  Nuctear  Research  Center,  Israel 

MIcrogravlty  Crystal  Growth  Experiments  of  CdTe  on  the  So^  PHOTON 
7  Mission 

M.  Salk.  B.  Lexow.  K.  W.  Benz.  D.  Q.  Matloukhin.  J.  M.  QerfgaL  M.  Z. 
SorkkL  A.  S.  Senchenkov.  A.  V.  Egorov,  I.  V.  Barmin,  P.  SkMnger,  P. 
Hofmwwi.  a  Nett 

Ateart-Ludvrigs  University  Freiburg,  Kayser-Threde  Gmbh  Germany,  Riga 
SdanMIc  Rasaarch  Institute  for  Radkrscope  Apparatus,  Institute  of 
Physics.  LaMa  and  SPLAV  Technical  Center,  Russia 

Crystal  Growth  of  SemImagnetIc-SemIcorKluctors  In  Very  High  Magnetic 
FtoWs 

Q.  Ndo,  N.  AdachL  arxl  M.  Irroue 
Tohoku  University.  Japan 

Saadtess  Saadkig  arxl  Zero  Telurtum  PredpKates  In  Vertical  Bridgman 
Grown  CdZnTe  (3-5%) 

A.J.SochaSr. 

Johnson  Matthay  Bectronics,  Inc.,  USA 

Vacancy  DHfUslon  In  Mercury  Cadmium  Tekurlde 
M.  Naubart  F.  M.  Olasalna  and  K.  Jacobs 

Humboldt  UrUveralty  of  Berlin,  Institute  of  Crystalography  arxl  Material 
Sctenca,  Germany 

TEM  Invtsttgntlon  of  ^edpltatas  In  Hgu.eCt^.t'*'*  Qrown  by  THM 
LiSJSailM*"*!  S.  UIpnar 

Humboldt  University  of  Bariki  arxl  Martin  Luther  UnIvarsIty  of  Hale. 
Germany 


FRIDAY  MORNING  -  AUGUST  21.  1992 


SESSION  8 

Qrand  Bdkooiii 

Sesk>n  Chairperson  -  A.  A.  Chernov,  Russia 

8:00  *  Non-Nnear  Effects  In  Impurity  Incorporation  In  Semiconductor  Melt  Qrowth,  V.V.  Voronkov,  Institute  of  Rare  Metals 
8:45  BREAK 

SeaaianBC-MoaiarRoom  Saaahai  8  D  - '4MNte  Wlnaar  Room 


Session  Chairpersons  - 1.  Sunagatwa,  Japan  arrd 
B.  Spitsyn,  Russia 

9:00  *  Diamond  Rims  from  Vapor  Phase 
Boris  Spitsyn 

Institute  of  Physical  Chemistry,  Russia 

9:30  Qrowth  of  Diamond  by  Sequential  Deposition  and  Etching  Process 
Using  Hot  Filament  CVD 

J.  Wei  and  Y.  Tzeng 
Auburn  University,  USA 

9:45  Selective  Area  Qrowth  of  Diamond  FHm  using  Ion  Implantation 

K.  Kobavaslil.  S.  Karasawa,  T.  Watanabe,  and  F.  ToghasI 
Industrial  Research  Institute  of  Kanagawa  and  SclerKe  University  of 
Tokyo,  Japan 

10:00  COFFEE  BREAK 


10:15  The  Influence  of  Qrowth  Parameters  on  the  Formation  of  a  Textured 
Surface  Morphology 

H.  Walcher.  Ch,  WHd.  W.  Muller*Sebert  N.  Herres,  T.  Eckermann 
Fraunhofer-Qasallschaft  Institute,  Qermany 

10:30  Characterization  of  Thin  Rim  Diamond  Qrowth  by  Scattering  of  Light 
and  Surface  Reflectarrce  Spectroscopy 
A.  M.  Borwot  T.  Lopez-Rios,  B.  Mathis,  L  Magaud 
and  F.  Cyrot-Lackmann 

Centre  Natl  de  la  Recherche  Sclentiflque,  France 

10:45  *  Crystal  Qrowth  In  the  Mineral  Kingdom 
Ichiro  Sunagawa 
Tohoku  University,  Japan 


11:15  The  Separation  of  Natural  From  Synthetic  QEM-Quallty  Diamonds 
on  the  Basis  of  Crystal  Qrowth  Criteria 
E.  Frltsch  and  J.  E.  SNgley 
Qemological  Institute  of  America,  USA 

11:30  Who  First  Qrew  Diamond:  "The  Dog  That  Did  Nothing" 

K.  Nassau 

Nassau  Consultants,  USA 


Session  Chairpersons  -  Q.  Loiacono,  USA  and 
K.  J.  Roberts,  UK 

9:00  *  Effect  of  Impurities  on  Crystal  Qrowth 
K.  Sangwal 

Technical  University  of  Lublin,  Poland 

9:30  Molecular  Dyrramics  Simulations  of  Interlaces  Between  CrystaMne  Urea 
and  Aqueous  Urea  SokJtlorrs 
E.  S.  Boek.  W.  J.  Briels,  J.  van  Eerden,  and  D.  Fell 
University  of  Twente,  The  Netherlarrds 

9:45  SundNng  Crystallization  of  Aspartame  from  Stagnant  Aqueous  Solutions 
N.  Kubota  and  T.  Mori 

Iwate  University  arxl  Ajinomoto  Co.  Ltd.,  Japan 


10:00  Growth  Kinetics  of  Sodium  Chlorate  Crystals  Qrowm  From  Pure  and 
Sodium  DIthlonate  Doped  Solution 
R.  I.  Rlsbc,  B.  Shekurrov  and  J.  N.  Sherwood 
Urtiversity  of  Strathclyde,  UK 

10:15  COFFEE  BREAK 


10:30  Studies  of  the  Nature  of  Diffusion  Layer  Near  KOP  Crystal  Growing  In 
Solution 
M.  J.  KrasInskI 
Technical  University,  Poland 


10:45  The  Influence  of  Crystal  Perfection  on  the  Growth  Kinetics  of  Potash  Alum 
Single  Crystals 

H.  L  BhaL  R.  I.  Ristic,  J.  N.  Sherwood,  and  T.  ShrtpathI 
University  of  Strathclyde,  UK 

11:00  The  Study  of  the  Qrowth  Mechanism  of  Potash  Akjm  Crystals 
R.  I.  RIstIc.  B.  Shekunov  and  J.  N.  Sherwood 
University  of  Strathclyde,  UK 

11:15  Crystal  Growth  and  Characterization  of  MgHP0,-3H,0 

B.  C.  Sales.  B.  C.  Chakoumakos,  L  A.  Boatner,  and  J.  O.  Ramey 
Oak  Ridge  Natlonai  Lab,  USA 


11:30  Growth  Morphology  of  Berllnite  Crystals  Obtained  under  Hydrothermal 
Conditions 

J.  Qomez-Morales,  R.  Rodriguez,  J.  Durand,  and  L  Cot 
Institut  de  Ciencla  de  Materlales,  Spain 

11:45  Crystal  Qrowth,  Morphology,  Structure  and  Properties  of  Some 
Superionic  Pyrophosphates 

K.  Byraopa.  B.  V.  Umesh  Dutt  Q.  S.  Qopalakrishna  and  S.  GaH 
University  of  Mysore,  India  arrd  Universidad  Barcelona,  Spain 

12:00  Hydrothermal  Synthesis  of  New  Potassium  Neodymium  SWcates 
S.  M.  Halle,  B.  J.  Wuensch,  T.  Siegrist  and  R.  A.  Laudlse 
Massachusetts  Institute  of  Techrtology  and  AT&T  Ben  Laboratories,  USA 


Indicates  Invited  Speaker 


FRIDAY  AFTERNOON  -  AUGUST  21.  1992 
SESSIONS 


SaMlon  9  A  -  OvamaEa  Room 

SURFACE  ROUQHENINQ  AND  PARTICLf  FOBMATION 

Session  Chairpersons  •  N.-b.  Ming,  PR  China  and 

J.  P.  van  der  Eerdan,  The  Netherlands 

1:30  Microscopic  Condensation  Processes  of  Nloblmn  MIcroclustera  In 
Sputtering 
ICObara 

Kagoshiffla  University,  Japan 

1:49  Optical  Absorption  Spectra  of  Au,  and  CU|  In  QasEMporatlon  Technique 

TJJIjgjgIsland  Y.  Salto 
MaIJo  University.  Japan 

Structure  of  Aloy  and  Oxide  Particles  Produced  by  the  Reaction 
2:00  Between  Ultrallne  Particles  and  FNma 

Y.  Salto.  K.  Ohtsuka,  T.  Watanabe.  and  C.  Kalto 
Kyoto  Institute  of  Technology.  Japan 

A  New  Experimental  Study  on  the  Production  of  Clusters  Due  to 
2:19  Chemical  Reaction  of  Copper  UltrafIrM  Particles 

C.  Kalto.  T.  Watanabe.  K.  Ohtsuka.  H.  CNn.  and  Y.  Salto 
Kyoto  Institute  of  Technology,  Japan 

FuiKiamental  Crttarlon  for  Surfaca  Melting 
2:30  J.  P.  van  der  Eerden.  T.  H.  M.  van  de  Berg.  J.  HuMnk  and 
H.  J.  F.  Knops 

University  of  Utrecht,  The  Netherlands 

Electron  Microscopy  Study  of  Growth  and  Aggregation  of  Microclusters 
2:49  ofAglandHgl, 

M.  Abdmkhader  and  K.  C.  George 
Mahatma  Gharxl  University,  India 


BREAK 

3:19 

CUSNQ  CERBMONY  -  Grand  Balroaai 
3:30  B.  Cockayne.  UK 


Saaalan  9  B  -  Laguna  ffaoai 

H-Vl  GROWTH  II  (TERNARY  SEMICONDUCTDflSI 

Session  Chairpersons  -  T.  CIszek,  USA  and 
K.  Sato.  Japan 

1:30  Salf-Umiting  Monolayer  Epitaxy  (SME):  A  New  Approach  to  the  Growth  of 
Wide  Gap  H-M  Heterostructures 
W.  Faschbiger.  P.,^^  S.  Ferreira,  and  H.  Sitter 
Univsralty  of  Unz.  Austria 

1:^  Growth  of  21nc  Selenide  Crystals  by  the  Liquid  Encapsulated  Vertical 
Brkfgman  Technique 

Y.  Okatro.  K.  Hoahikawa.  T.  Fukurla,  H.  Urwma,  and  K.  TonoKjka 
Tohoku  University  and  GIO  Laboratories,  Japan 

2M  The  Growth  arxl  Characterization  of  Cadmium  Selenide  and  Zinc  Cadmium 
Selenide  Epiayars  by  MOVPE 
P.  J.  Rarbrrxak.  A.  Kanata  arxl  T.  Uemoto 
TosNba  Corporation.  Japan 

2:19  Epitaxial  Growth  of  High  Qualty  ZnSe  arxi  ZnSe/ZnS  SupertaMces  for 
Optical  Processing 

C.-O.  Porxi.  R.  C.  DeMattel  arxl  R.  S.  Felgelson 
Stanford  University.  USA 

2:30  Large-Grained  CulnSe,  Crystal  Growth  Using  Comp-jrar  Corrtrolled, 
HIgh-fVessure  LEDS  Furnaces 
C.  R.  Schwerdtfeger  arxl  T.  F.  CIszek 
National  Renewable  Energy  Lab.  USA 

2:49  Method  of  SelenIzItKI  Liquid  CuJn  Alloy  In  Growing  CUnSe,  Single  Crystal 
S.  Nomura  arxl  T.  Takizawa 
NtXJn  University,  Japan 


3:00  Characterization  of  CUnSe,  Single  CrysUds  with  Various  Elevfatlons  from 
Stoichiometry 

H.  NakanishL  A.  Tamal,  S.  Arxlo,  S.  Erxlo,  arxl  T.  Itle 
Science  University  of  Tokyo,  Japan 


3:19  BREAK 


FRIDAY  ARERNOON  -  AUGUST  21,  1992 


SESSION  9 


Session  9  C  -  Monur  Room 

SPECIAL  TECHNIQUES 

Session  Chairperson  -  W.  R.  Wilcox,  USA  and 
E.  I.  Givargizov,  Russia 

1:30  *  The  Application  of  X-ray  Techniques  to  Problems  In  Crystal  Science 
K.  F.  Roberts 

University  of  Strathclyde  and  SERC  Oaresbury  Laboratory,  UK 


2:00  Real-time  Observation  of  Stress-Induced  Defect  Formation  and 
Movement  In  SI,  QaAs  and  CdTe  Single  Crystals 
R.  Balasubramanlan,  W.  R.  Wilcox  and  Q.  Long 
Clarkson  University  and  National  Institute  of  Standards  and  Technology, 
USA 

2:15  A  Common  Orienting  Action  of  Bectrical  Field  and  Substrate  Patterning 
In  Artificial  Epitaxy  (Graphoepitaxy) 

E.  I.  Glvarolzov.  A.  I.  Pankrashov  and  L  A.  Zadorozhnaya 
Institute  of  Crystallography,  Russia 

2:30  Formation  of  Ge,.,SI,  Solid  Solution  by  Powder  Metallurgy 
J.  Schllz  and  M.  Langerbach 
German  Aerospace  Research  Est  (DLR),  Germany 


2:45  A  New  Development  of  Laser-Heated  Pedestal  Growth  Technique 

S.  Ja.  Rusanov.  I.  A.  Shcherbakov,  E.  V.  Zharlkov,  Q.  R  Grigorian  and 
I.  N.  SIsaklan 

Central  Bureau  for  Unique  Instrumentation,  Russia 

3:00  The  Influence  of  Pb'*  Ions  on  the  Radiation  Resistance  of  BaF,  Crystals 
Q.  Chen,  S.  X  Ren,  H.  Xiao,  S.  0.  Man  and  J.  0.  Zhang 
BeIJIrrg  Glass  Research  Institute,  PR  China 

3:15  BREAK 

*  Indicates  Invited  Speaker 

3:30  CUiaNQ  CEREMONY- Grand  Baknoom 

B.  Cockayne,  UK 


Saaaian  9  O  - -mte  WIm*  Room 

AQUEOUS  SOLUTION  GROWTH  III  ONDUSTRIALI 

Session  Chairpersons  -  R.J.  Davy,  UK  and 
R  C.  DeMattel,  USA 

1:30  Investigations  of  the  Effects  of  some  Additives  on  the  Crystallization  of 
Tetrahydrate  Sodium  Perborate 
C.  Fraricls,  B.  BIscans,  N.  fiahas.  and  C.  Laguerie 
Nadottal  Polytechnique  Institute,  France 

1:45  Growth  of  Gypsum  III,  Influence  of  Trtvalerrt  Ions 

G.  J.  Wltkamo.  C.  H.  DeVreugd  and  Q.  M.  van  Rosmalen 
Delft  University  of  Techology,  The  Netherlands 

2:00  Characterizing  the  Effect  of  Growth  CorKHtions  and  Crystal  Habit  on  the 
Distribution  of  Imperfections  Amongst  Populations  of  Crystals 
C.  J.  Price 

AEA  Technology,  UK 


2:15  Adsorption  Behavior  of  Polyelectrolytes  In  Relation  to  Their  Growth 
Inhibiting  PerformarKe 

M.  C.  van  der  Leeden  and  G.  M.  van  Rosmalen 
Delft  University  of  Technology,  The  Netherlands 

2:30  Crystal  Growth  Modifiers  for  Barite  and  Gypsum,  Binding  Motifs  at  Crystal 
Surfaces 

S.  N.  Black,  L  A.  Bromley,  D.  Cottier,  R,  J.  Davev.  B.  Dobbs  and 
J.  E.  Rout 

ICI  Chemicals  &  Polymers,  Ltd.,  UK 

2:45  The  Study  of  Transport  Phenomena  In  Zeolite  Crystal  Growth 
S.  Ostrach.  Y.  KamotanI,  and  H.  Zhano 
Case  Western  Reserve  University,  USA 


3:15  BREAK 


SESSION  1 


DYNAMICS,  STABILITY  AND  CONTROL  OF  CZOCKRALSKI  CRYSTAL  GROWTH 

DJJ.  Hurte  and  HB.  Wills 
Physics  Laboratoiy,  Univeisity  of  Bristol 
Tyndall  Avenue,  Bristol  BS8 ITL,  England 

Initially  crystal  pulling  equipment  was  designed  purely 
empirically  but,  as  the  industry  has  grown  in  importance  and 
the  size  of  crystals  has  increased,  consideration  has  been  given 
to  the  optimisation  and  control  of  the  process.  This  has  led  to 
basic  research  into  the  fundamentals  together  with  a  large  num¬ 
ber  of  computer  simulations  of  its  elements. 


In  this  paper,  the  underlying  science  which  determines  the 
system  dynamics  is  elucidated  and  methods  for  achieving  sta¬ 
ble,  robust  automatic  control  described.  The  linear  response  of 
a  crystal  to  temperature  and  pulling  speed  variations  is  derived. 
Non-linear  response  is  also  briefly  considered.  Recent  develop¬ 
ments  in  control  strategy  are  outlined. 
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SESSION  1A 


MOLECULAR  DYNAMICS  SIMULATIONS  OF  CRYSTAL  GROWTH  FROM  THE  VAPOR 

George  H.  Gilmer 

AT&T  BeU  Uboratories,  Murray  HUI.  NJ  07974,  USA 


We  have  simulated  semiconductor  surfaces  under  equilib¬ 
rium  conditions,  and  during  growth.  The  atomic  trajectories 
were  calculated  using  classical  molecular  dynamics  methods. 
The  Stillinger- Weber  interatomic  potential  was  used  for  sili¬ 
con-silicon  interactions,  and  potentials  with  a  similar  analytical 
form  represented  impurities  and  heteroepitaxial  systems. 

The  influence  of  surface  mobility  on  the  structure  of  the 
film  was  studied  by  depositing  films  at  different  substrate  tem¬ 
peratures.  The  evolution  of  the  latent  heat  of  vaporization  when 
atoms  fi^om  the  beam  collide  with  the  substrate  is  found  to  have 
important  effects,  both  on  the  crystallization  process  and  on  the 
mobility  of  the  atoms  at  the  surface.  A  transition  from  amor¬ 
phous  to  crystalline  deposits  was  found  to  occur  at  about 
500*K  on  the  (100)  face  and  800*K  on  (111)  when  a  thermal 
beam  was  simulated.  Colunmar  structures  were  observed  under 
conditions  of  low  substrate  temperatures  and  for  grazing  inci¬ 
dence  beams.  The  latent  heat  enhanced  mobility  has  a  domi¬ 


nant  influence  on  the  morphology.  The  effect  of  temperature  on 
the  column  sizes  is  consistent  with  results  obtained  by  molecu¬ 
lar  beam  epitaxy. 

We  have  simulated  defect  generation  and  strain  relaxati':.ii 
in  heteroepitaxial  systems  with  appreciable  misfit  The  stability 
of  uniform  films  against  islanding  (the  formation  of  three 
dimensional  clusters)  was  also  studied.  In  some  cases  strain  in 
the  film  leads  to  a  hill  and  valley  structure  which  evolves  into 
clusters  as  more  material  is  deposited. 

llie  deposition  of  clusters  of  energies  fium  0.5eV  to  lOeV 
per  atom  was  studied.  Low  energy  clusters  tend  to  pruouce 
amorphous  films  and  columnar  tructures,  wnereas  those  with 
higher  energies  result  in  v-ifonn  crystalline  films,  and  diffuse 
film-substrate  interfaces.  e  discuss  the  use  of  ion  and  cluster 
beams  to  inhibit  the  ‘segregation  of  impurities  to  the  surface 
during  molecular  b.;b.n  epitaxy. 


DEFECT  MECHANISMS  OF  CRYS"  »t,  GROWTH  AND  THEIR  KINETICS 

Nai^^enMmg 

National  Laboratr  ^  rf  Solid  State  Microstruciures 
I'fanjing  Un'”  'sity,  Nanjing  21(X)08,  P.R.  of  China 


Dislocations  that  intersect  -  '  -ing  interfac  .  > 

formation  of  a  self-perpetuatinp  step.  i  ^as  been  dc..ionstrated 
that  this  occurs  independently  ^ wht.  .r  the  dislo'  ons  are 
of  pure  edge,  pure  screw  or  mixed  tvpe. 

Similarly,  stacking  faults  that  mtersect  a  (111)  growth  sur¬ 
face  of  an  fee  crystal  lead  to  the  formation  of  a  substep  (i.e.  a 
step  o'  less  than  atomic  height)  along  their  emergence  line.  An 
analysis  of  the  atomic  configurations  of  such  substeps  show 
that  they  can  also  act  as  self-perpetuating  steps.  We  have  ana¬ 
lyzed  the  growth  kinetics  at  substeps  under  low  and  high  super- 
saturation  conditions.  We  found  that  irrespective  of 
supersaturation,  both  2-D  heterogeneous  mono-nuclear  and 
birth-and-spread  nucleadon  along  substeps  should  provide  a 
growth  rate  exceeding  that  of  a  2D  nucleadon  mechanism  (2D- 
NM).  Furthermore,  the  stacking  fault  mechanism  (SFM),  2D- 
NM  and  screw  dislocadon  mechanism  (SDM)  were  compared 
with  Monte  Carlo  simulations.  'These  results  suggest  that  at  low 
supersaturadon  the  growth  rate  for  the  SFM  is  always  higher 


than  that  for  the  2D-NM  and  less  than  that  for  the  SDM.  At 
high  supersaturadon  the  SFM  growth  rale  is  always  higher. 

On  the  other  hand,  (111)  growth  surfaces  that  intersect  a 
twin  lamella  composed  of  a  sequence  of  parallel  stacking  faults 
in  fee  crystals  possess  an  atomic  configuradon  corresponding 
to  a  rough  { 100)  surface.  'Therefore,  with  the  vanishing  of  a 
nucleadon  barrier,  two  types  of  twinned  growth  shtqies  with 
different  growth  mechanism  can  appear,  (a)  In  an  isotropic 
growth  system,  the  combined  effects  of  the  rough  twinned 
areas  and  the  re-entrant  comers  results  in  a  plate-like  crystal, 
(b)  In  a  unidirecdonal  growth  system  Ok  twinned,  rough  and, 
thus,  rapidly  growing  area  should  grow  out  normal  to  the 
growth  surface  and  form  an  "outcrop".  'This,  in  nun,  can  act  as 
a  source  of  growth-steps.  The  growth  of  a  { 1 1 1 )  surface  with  a 
twin  lamella  outcrop  was  simulated  with  a  Monte  Carlo  model. 
'The  results  suggest  that  the  growth  activity  of  a  win  lamella 
mechanism  is  always  larger  than  that  of  the  2D-NM  and  the 
SFM,  but  is  less  than  that  of  the  SDM  at  low  supersaturadon. 
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MODELS  FOR  THE  EARLY  STAGES  OFNUCLEATION 
H.  Riveros,  E.  Cabrera,  M.  Gaily,  C.  Rua-Mejia  and  J.  Fujioka 
Insdtuto  de  Fisica,  UNAM,  Apdo,  Postal  20-364  Mexico  DF  01000 


The  interactions  in  two-dimensional  anays  of  ions  and 
dipoles,  and  the  nucleation  of  two-dimensional  clusters,  are 
numerically  simulated.  Equilibrium  configurations  with  non¬ 
lattice  symmetries  are  obtained,  in  addition  to  the  usual  sym¬ 
metries  allowed  in  macroscopic  crystals.  The  computer 
program  reproduces  the  movements  of  the  ions  or  dipoles,  and 
calculates  the  energy  of  any  configuration.  The  interaction 


between  dipoles  can  be  seen  using  magnets  floating  on  water.  It 
is  found  that  for  srruill  clusters  of  particles  (ions  or  dipoles)  the 
addition  of  a  single  particle  may  produce  the  reanangement  of 
the  whole  cluster,  and  therefore,  in  those  cases,  it  would  be 
better  to  speak  of  a  ‘nucleation’  process,  instead  of  a  ‘growth* 
process. 


NUCLEATION  AND  GROWTH  OF  FINE  CRYSTALS  FROM  SUPERCRITICAL  FLUIDS 
EM.  Berends.  OSL.  Bruinsma  and  GM.  van  Rosmalen 
Delft  University  of  Technology,  Laboratory  for  Process  Equipmenl 
Leeghwaterstraat  44, 2628  CA  Delfi,  The  Netherlands 


Supercritical  fluids  well  above  their  critical  pressure  and 
temperature  can  act  as  adequate  solvents  for  solutes  with  a  low 
vapour  pressure.  Upon  pressure  release  the  solubility  decreases 
and  crystals  are  formed.  If  decompression  occurs  very  rtqridly 
as  over  a  nozzle,  very  high  supersaturations  are  reached  almost 
instantaneously.  This  leads  to  an  outburst  of  nuclei  followed  by 
their  fast  growth  and  thus  to  the  formation  of  a  narrow  size 
distribution  of  very  tiny  crystals. 

The  size  and  sh<q)e  of  the  crystals  as  well  as  their  size 
distribution  seem  to  be  iitfluenced  by  parameters  such  as,  (i) 
the  concentration  of  the  solute  before  the  nozzle,  (ii)  the  pres¬ 
sure  and  temperature  before  and  afta  the  nozzle,  (iii)  the 
geometry  of  the  nozzle  and  (iv)  the  type  of  solute. 

The  aim  of  this  study  is  to  verify  and  quantify  the  effects  of 
these  parameters  for  benzoic  acid  as  a  model  compound  crys¬ 
tallizing  from  supercritical  carbon  dioxide  and  to  relate  them  to 
the  prevailing  supersaturation  profiles.  Attempts  have  been 
made  to  model  the  supersaturation  profiles  in  and  after  the 
nozzle.  The  temperature  and  pressure  profiles  had  to  be  calcu¬ 


lated  from  the  estimated  hydrodynamic  Qow  pattern.  The  cor¬ 
responding  equilibrium  solubilities  were  calculated  with  an 
appropriate  equation  of  state. 

The  supercritical  solutions  were  obtained  by  extracting  a 
bed  of  benzoic  acid  crystals  with  supercritical  carbon  dioxide 
at  pressures  of  150-4(X)  bar  and  temperatures  of  35-75'C.  The 
saturated  Quid  was  afterheated  electrically  prior  to  its  expan¬ 
sion  to  atmospheric  conditions  to  prevent  solute  recrystallisa¬ 
tion  due  to  solvent  condensation.  The  nozzle  is  a  small 
capillary  with  a  diameter  of  30-80  pm  and  a  length  of  200  pm. 
The  crystals  are  collected  on  a  paper  filter  and  crystal  size 
distribution,  morphology  and  crystallinity  are  investigated. 

The  developed  crystals  were  approxinutely  0-20  pm  in 
size.  A  higher  pre-expansion  pressure  and  concentration  seem 
to  give  smaller  panicles  with  a  narrower  size  distribution.  X- 
ray  diffraction  showed  a  good  crystallinity.  In  spite  of  their 
r^id  growth  the  crystals  are  mostly  facetted  and  also  free  of 
solvent  irtclusions.  Attempts  will  be  made  to  confirm  this  with 
phenanthrene  and  anthracene. 
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CRYSTALLIZATION  OF  AMORPHOUS  GERMANIUM  ON  METAL  FILM 
Toshio  Okabe,  Shigeru  Saito  and  Toshiaki  Wada 
Department  of  Physics,  Toyama  University,  Toyama  930,  Japan 


Electron  microscopic  investigations  have  been  carried  out 
on  the  crystallization  behavior  of  amorphous  Ge  films  on  sin¬ 
gle  crystalline  films  of  Ag  and  Al.  The  specimen  films  were 
prepared  by  vacuum  deposition,  as  evaporating  germanium 
thermally  on  <11 1>  oriented  single  crystalline  films  {deviously 
formed  by  deposition  on  heated  NaCl  cleavage  plane.  The 
wet-stripped  films  were  heated  up  at  the  rate  of  ~100°C/h  in  an 
electron  microscope  by  in  situ  observation.  The  amorphous  Ge 
on  Ag  crystallizes  at  -330*C  with  a  disdnct  orientation  rela¬ 
tionship:  (211)Ge  //  (211)Ag  and  [Tllloe  H  [TUlAg  as  shown  in 
fig.  1 .  On  the  other  hand,  the  amorphous  Ge  on  Al  does  not 


crystallize  until  SOO’C  above  the  eutectic  temperature  of  this 
alloy  system.  On  some  grains  with  a  o  orientation  melting 
begins  as  seen  in  fig.  2  and  is  followed  by  ciystallization  of  Ge 
with  some  orientation  relationships:  (llllce  //  (111)ai  //  and 
(llOlcfc //  [312]ai  or  (llDce  //  (111)ai  and  [400]& //  [220]ai. 
The  same  situation  can  be  also  achieved  by  the  reaction  at 
lower  temperature  without  melting  for  longer  annealing  time. 

The  behavior  of  amorphous  Ge  in  contact  with  a  metal  film 
will  be  discussed  based  on  the  way  of  dissolution  of  Ge  into  the 
metal  film  and  the  arrangement  of  atoms  on  its  interface.  The 
behavior  of  amorphous  Ge  in  contact  with  a  metal  film  will  be 


Sr 


discussed  based  on  the  way  of  dissolution  of  Ge  into  the  metal 
film  and  the  arrangement  of  atoms  on  its  interface,  comparing 
with  that  of  amorphous  Ge-Al  and  Ge-Ag  evtqxrrated  films. 
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Figure  I.  TEM  image  and  electron  diffi-action  of  Figure2.  TEM  image  cf  melting  and  electron  diffraction  of  Ge  crystal 

Ge  crystal  on  Ag  single  particles.  on<lll>  Al. 
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VISUALIZATION  OF  SUB-CRITICAL  CRYSTALLINE  PARTICLES 
THEIR  BEHAVIORS  IN  GROWTH  OF  KDP  CRYSTAL  IN  AQUEOUS  SOLUTION 
Li  Lion,  Lu  Taigin*,  Kazufium  Sakai,  Tomoya  Ogawa  and  Ichiro  Sunagatva** 
Dqiartment  of  Physics,  Gakushuin  University,  1-3-1  Mejiio 
Toshima-ku,  Tokyo  171  Japan 
*The  Institute  of  Physical  and  Chemical  Research  (RIKEN), 

Hirisawa  2-1,  Wako-shi,  Saitama,  351-01  Japan 
** Yamanashi  Institute  of  Gemmology  and  Jewely  Arts,  Tokoji-nuchi 
1955-1,  Kofii,  Yamanadii.  400  Japan 


By  applying  a  newly  developed  laser  light  scattering  ultra- 
microscopy,  it  was  possible  to  visualize  the  presence  of  tiny 
particles  to  investigate  their  behaviors  in  aquoues  solution  of 
KDP,in  the  absence  and  {xesence  of  a  growing  crystal.  The 
density  of  the  particle  increased  as  increasing  supersaturadon. 
Through  a  series  of  experiment,  it  was  ascertained  that  they  are 
neither  impurides  nor  dusts,  but  in  fact  sub-cridcal  crystalline 
particles  of  KDP.  In  the  bulk  solution  i^art  from  a  growing 
crystal,  their  movement  is  slow,  but  as  soon  as  th^  reach  a 
finite  distance,  which  may  correlate  to  the  thickness  of  a  diffu¬ 
sion  boundary  layer,  the  particles  are  rapidly  sucked  to  the 
crystal  The  thickness  is  about  150  pm  in  [101],  as  the  growth 


Figure  1 .  Microparticles  existing  and  interaction  with  growing  crystal. 


velocity  was  560  A/sec.  On  the  oystal  surface,  tii^  migrate  for 
a  short  distance  or  shake  themself  for  a  while,  and  then  the 
scattered  images  disappeared  (Fig.  1).  Number  of  particles 
increases  as  supersaturation  increasing,  particularly  in  the  dif¬ 
fusion  layer,  and  relates  almost  linearly  to  the  growtii  velocity 
as  indicated  in  Fig.  2. 

All  these  results  suggest  that  sub-critical  crystalline  parti¬ 
cles  are  formed  in  KDP  solution,  and  act  as  a  part  of  growth 
unit  in  the  crystallization  of  the  KDP  crystals. 

Similar  j^enomenon  has  been  also  obtained  in  other  aque¬ 
ous  solution  systems  such  as  KCL. 


• 

A 

1  s.oo.to' 

s  4  00-10* 

0 

i  3.00 -to* 

• 

£ 

,  • 

S  2.00 -10* 

.  .  * 

• 

•  * 

*8  I.OO  tO 

. 

X 

• 

C  n 

-too  0  too  200  300  400  SOO 

Croiwth  valoslly  ol  ciyital  (A/sac) 

Figure  2.  Relationship  between  growth  velocity  of  crystal  and  density 
of  microparticles  in  diffusion  boundary  layer. 
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METASTABLE  STATE  RELAXATION  NEAR  THE  BINOD AL  LINE 
Allan  S.  Myerson  and  Alexander  F.  Izmailov 
Department  of  Chemical  Engineering,  Polytechnic  University 
333  Jay  Street  Brooklyn,  NY  11201 


It  is  suggested  to  describe  the  metastable  state  relaxation 
(MSR)  in  terms  of  the  time-dependent  Ginzburg-Landau 
CTDGL)  formalism  developed  for  the  kinetics  of  the  Erst  order 
phase  transitions.  It  seems  at  present  that  this  a{^nx>ach  is  the 
only  reasonable  one  since  it  does  not  deal  with  the  numerous 
assumptions  of  classical  nucleation  theory  which  can  not  usu¬ 
ally  be  verified  experimentally.  Thus,  the  TDGL  free  energy 
frinctional  which  governs  the  MSR  is  constructed  for  slightly 
supersaturated  solutions  far  from  the  critical  point.  Such  solu¬ 
tions,  for  example,  aqueous  solutions  of  glycine,  dtric  acid  etc. 
ate  of  great  practical  use  and  at  present  are  under  intensive 
experimental  investigation.  The  obtained  non-linear  partial  dif¬ 
ferential  equation  for  the  MSR  near  the  binodal  line  was  ana¬ 
lyzed  and  solved.  Its  solution  has  enabled  us  to  restore  for  the 
first  time  an  expression  for  the  induction  time  in  the  explicit 
form  for  such  a  relaxation  {X'ocess. 


We  have  succeeded  in  the  theoretical  part  of  our  work  to 
find  the  first  correlation  frmctions  for  the  MSR  near  the  binodal 
line.  These  functions  acquire  a  special  meaning  in  the  vicinity 
of  the  nucleation  point  at  which  solute  density  fluctuations 
become  strong  and  highly  correlated.  It  is  well-known  that  the 
pair  correlation  function  is  the  Fourier  image  of  the  structure 
factor  which  has  been  measured  in  our  nucleation  experiments 
by  light  scattering.  Taking  into  account  this  fact  we  have  veri¬ 
fied  our  theoretical  conclusions  concerning  induction  time  and 
time  characteristics  of  the  nucleation  process.  In  addition,  we 
have  developed  the  same  approach  for  the  microgravity  case 
and  in  this  way  some  interesting  theoretical  predictions  about 
nucleation  experiments  in  microgravity  environment  have  been 
obtained. 


SELF-AGGREGATES  EN  ROUTE  TO  CRYSTAL  FORMATION 
M.  Lahav  and  L.  Leiserowitz 
Department  of  Materials  &  Interfaces 
Weizmatm  Institute  of  Science,  Rehovot  76100,  Israel 


The  understanding  of  the  dynamics  of  the  phase  transfor¬ 
mation  from  a  supersaturated  solution  into  a  crystalline  solid 
requires  the  knowledge  of  the  structure  of  the  supersaturated 
solution  at  the  onset  of  crystallization.  In  particular,  it  is  of 
great  interest  to  delineate  the  role  played  by  structures  embry¬ 
onic  aggregates  as  intermediates  in  crystal  nucleation. 

In  the  present  lecture  we  shall  discuss  a  stereochemical 
approach  on  the  structure,  dynamics  growth  and  dissolution  of 
2-D  self-aggregates  formed  at  the  air/solution  interface.  The 
packing  arrangement  and  the  orientation  of  the  molecules 
within  some  of  the  clusters,  which  are  nucleation  transients 
have  been  determined  and  monitored  using  the  methods  of 
grazing  incidence  X-ray  diffraction  (GIXD)'  and  second  har¬ 
monic  generation  (SHG)^. 

The  role  of  these  clusters  in  inducing  3-D  single  crystals 
will  be  illustrated  for  several  systems  including  induced  freez¬ 
ing  of  supercooled  water  into  hexagonal  ice  by  amphiphilic 


alcohols.^  The  present  stereochemical  approach  was  instru¬ 
mental  for  the  design  of  polymers  as  additives  to  control  crystal 
polymorphism,^  crystal  twinning^  and  the  resolution  of 
enantiomers  by  crystallization. 


1.  D.  Jacquemain,  S.  Grayer  Wolf.  F.  Leveiller,  M.  Duetsch. 
K.  Kjaer,  J.  Als-Neilsen,  M.  Lahav  and  L.  Leiserowitz, 
Angew.  Chem.  Ini.  Ed.  Engl.  31^,  130  (1992). 

2.  I.  Wiessbuch,  G.  Berkovic,  L.  Leiserowitz  and  M.  Lahav,  in 
"Organic  Materials  for  Non-linear  Optics  n,”  Ed.  RA. 
Harm  and  D.  Bloor,  1991,  pp.  82-88. 

3.  M.  Gavish.  R.  Popovitz-Biro,  M.  Lahav  and  L.  Leiserowitz, 
Science,  250, 973-975  (1990). 

4.  E.  Staab,  L.  Addadi,  L.  Leiserowitz  and  M.  Lahav,  Andv. 
Mater.  1, 40  (1990). 

5.  M.  Zail,  M.  Vaida,  1.  Weissbuch,  L.  Leiserowitz  and  M. 
Lahav,  in  preparation. 
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GROWTH,  DEFECTS  AND  PROPERTIES  OF  NONLINEAR  OPTICAL  OXIDE  CRYSTALS 

PA.  Morris 

DuPont  Company,  Experimental  Station,  Wilmington,  DE 19880 


The  properties  of  interest  for  applications  of  crystalline 
nonlinear  optical  oxides  are  often  determined  by  the  defect 
structures  introduced  in  the  materials  as  a  result  of  the  process¬ 
ing  procedures  used  to  produce  crystals  of  these  materials. 
Applications  of  these  types  of  materials,  having  high  second 
order  nonlinear  optical  susceptibilities  (x^),  include  frequency 
convertors,  electro-optic  modulators  and  switches,  and  holo¬ 
graphic  and  phase  conjugate  optics.  Several  applications 
require  the  fabrication  of  waveguides  in  the  materials.  The 
properties  of  importance  for  both  bulk  and  waveguide  devices 
include:  optical  transparency,  birefringence  and  disper¬ 

sion,  ionic  and  electrical  conductivity,  optical  damage  suscepti¬ 
bility,  photorefractivity  and  homogeneity.  The  defect  structures 
referred  to  include  the  intrinsic  atomistic  defects  (e.g.  non¬ 
stoichiometry),  impurities  and  domains.  The  growth,  defects 
and  resulting  properties  of  several  of  these  materials  (e.g. 
lCn0P04,  KT1OASO4,  LiNbOs,  BaTi03,  p-Bafi204,  LiBaOs) 
are  discussed. 

The  results  of  studies  on  these  materials  indicate  that  further 
understanding  of  the  effects  of  the  growth  conditions  on  the 
resulting  defects  and  properties  of  bulk  mnlmear  optical  oxide 
crystals  is  necessary.  Problems  still  exist  regarding  the  proper¬ 


ties  of  crystals  of  traditional  nonlinear  optical  oxides  (liNfaOa, 
BaTlOa)  which  result  from  the  defects  introduced  by  their  pre¬ 
ferred  growth  techniques.  Many  of  the  problems  concerning 
the  growth  of  tiie  traditional  materials  with  perovsldte  and 
tungsten-bronze  type  strtictures  are  inherent  due  to  the  toler¬ 
ance  and  degree  of  nonstoichiometry  in  these  structures  and  the 
nature  of  tire  bulk  growth  techniques  used.  The  growtii  condi¬ 
tions  and  techniques  to  obtain  die  highest  quality  crystals  of  the 
more  recently  developed  nonlinear  optical  oxides  (ICnOP04, 
KTiOAs04,  P-BaB2P4,  LiB30s)  are  not  well  understood  at  this 
time. 

Post-growth  processing  procedures  have  been  used  to 
improve  the  properties  of  as-grown  crystals,  but  rruxhficatian 
of  the  defects  and  properties  during  growth  is  obviously  pre¬ 
ferred.  Thin  films  are  attractive  for  many  waveguide  devices 
and  future  integrated  optical  applications,  however  the  tech¬ 
niques  to  produce  thin  films  of  tiiese  materials  are  currently 
being  developed  and  little  is  known  about  tiieir  defects  and 
properties  at  tius  time.  The  growtii-defect-property  relation¬ 
ships  in  nonlinear  optical  oxides  are  an  important  consideration 
in  determining  the  processing  procedures  to  be  used  in  the 
development  of  these  materials. 


HYDROTHERMAL  GROWTH  OF  POTASSIUM  TITANYL 
ARSENATE  (KTA)  IN  LARGE  AUTOCLAVES* 

Roger  F.  Belt  and  John  B.  Ings 
Airtron  Division  of  Litton  Systems  Inc. 

200  E.  Hanover  Ave,  Morris  Plains,  NJ  079S0  USA 


The  nonlinear  optical  crystal  KTA  is  potentially  more  favor¬ 
able  than  its  phosphate  analog  KTP  for  several  tqrplications. 
The  solubility  and  i^ase  relations  were  investigated  for 
selected  K/As  ratios  in  KH2ASO4-KOH  solutions  over  a  tem¬ 
perature  range  of  300-600’C  and  10-30000  psi.  All  irutial  dau 
were  obtained  with  0.20  inch  diameter  x  2.S0  inch  long  plati¬ 
num  capsules  in  Tem-Pres  type  autoclaves.  The  most  favorable 
results  were  repeated  in  Morey  type  autoclaves  of  0.875  inch 
diameter.  The  P-V-T  data  were  generated  and  extrapolated  for 
use  in  gold  liners  and  Rene’41  autoclaves  with  a  pressure 
balancing  method.  A  direct  scale-up  was  transfened  to  the  1 .5 
inch  diameter  x  18  inch  long  autoclaves  with  gold  liners.  For 
the  latter  system,  both  nutrient  and  larger  seed  crystals  were 
grown  from  a  K2W04-LiW04  flux.  The  internal  and  external 


degrees  of  fill  were  adjusted  to  obtain  a  near  balance  a  near 
pressure  of  25000  psi  at  a  temperature  of  560*C.  Initial  growth 
runs  were  made  for  1-2  weeks  under  a  growth  gradient  of  30*C 
with  a  4  molar  KH2ASO4  mineralizer.  Three  natural  seeds  were 
employed  while  later  runs  utilized  (011)  cut  and  polished 
seeds.  We  present  data  on  growth  rates,  cTystal.quality,  domain 
behavior,  and  measured  physical  properties>€w  results  are 
intended  for  application  to  production  autoclaves  for  commer¬ 
cial  growth  of  KTA. 

1.  PA.  Morris,  eL  al.,  this  conference,  1992. 

*This  work  was  supported  under  contract  N00014-90-C-0238. 
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GROWTH  OF  KTi0As04  <KTA)  AND  CiTi0As04  (CTA)  CRYSTALS  FROM 
NEW  MOLTEN-SALT  SYSTEM 


Luo  Chuhua,  Gu  Kaihui,  U  Jun,  ZMeng  Chongzkong,  Xie  Qiwdang  and  Luo  Fei 
Southwest  Institute  of  Technical  Physics 
P.O.  Box  238,  Chengdu,  China,  61001S 


Potassium  dtanyl  phosphate  referred  to  as  KTP  is  well- 
known  to  possess  superior  properties  for  use  as  a  non-Unear 
optical  material.  Its  high  dmnage  threshold,  good  mechanical 
and  thermal  stability,  large  optical  nonlineari^,  and  broad  tem¬ 
perature  bandwidth  have  made  it  arguably  the  best  material  for 
frequency  doubling  and  parametric  devices  in  the  visible  and 
near  infrared  range. 

KTP  also  shows  great  promise  in  electro-optic  applications 
due  to  its  low  dielectric  constants  and  large  electro-optic-coef¬ 
ficients. 

KTP  is  only  one  member  of  the  family  of  materials  with  the 
formula  MTi0X04  where  M  is  K,  Rb,  T1  or  Cs,  and  X  is  P  or 
As. 

In  the  past  decade,  although  development  has  concentrated 
on  KTP  for  researching  the  family  materials,  but  the  other 
family  members  also  have  large  second-order  optical  non- 
linearities.  As-substituted  analogue  KT1OASO4  (KTA)  artd  Cs- 
Substituted  Cs'n0As04  (CTA)  have  a  slightly  higher 
second-order  susceptibility  than  KTP.  Because  of  the  larger 
polarization  of  Cs  artd  As  ions  compared  to  K  and  P  ions. 


We  have  carried  out  investigations  on  the  growth  of  single 
crystals  of  KTA  in  new  molten-salt  system  in  which  Tt02- 
KASO3  is  solute  and  K4AS2O7-K2WO4-AS2P5  is  solvent  The 
new  melt  with  very  fluid  nonglass  forming  and  little  volatiliqr 
is  suitable  for  a  flux  or  molten  solution  process.  Single  crystals 
of  KTA  were  grown  using  a  seed  crystal.  These  crystals  are 
clear,  transparent,  and  up  to  12  x  11  x  8  mm  in  size.  But  they 
showed  ferroelectric  domains  which  decrease  the  efficiency  of 
nonlinear  optical  conversion.  The  multi-dtnruuns  of  KTA  must 
be  elirrunated  by  armealing.  Only  single  domain  KTA  crystal 
has  higher  optical  and  dielectric  properties  than  KTP  crystal. 

Single  crystals  of  cesium  titanyl  arsenate  (CTA)  have  been 
grown  from  new  molten-salt  system  in  which  T1O2-CSASO3  is 
solute  and  CS4  AS2P7-CS2WO4-AS2OS  is  solvent  Srtutll  sir^e 
crystals  of  CTA  have  been  grown  from  new  melt  by  spontane¬ 
ous  crystallization.  The  results  of  powder  second  harmoruc 
generation  have  proved  good,  and  high-temperature  solution 
using  seed  crystals  is  being  hired  to  prqrare  large  single 
crystals. 


GROWTH  AND  PROPERTIES  OF  THE  NONLINEAR  OPTICAL  CRYSTAL  CsTIOAsOa 
LX.  Cheng*,  L.T.  Cheng,  AA.  Ballman  and  EM.  McCarron,  HI 
Science  and  Engineering  Laboratory,  EJ  DuPcmt  de  Nemour  &  Co. 

P.O.  Box  80306,  Experimental  Station,  Wilrtungton,  DE  19880-0306 

KT1OPO4  (KTP)  is  an  excellent  nonlinear  optical  crystal 
particularly  suitable  for  frequency  conversion  ^rplkations. 

Protas  and  coworkers^  have  reported  that  CsTiOAs04  (CTA)  is 
isostnx;tural  with  KTP  and  have  similarly  large  optical  nonlin¬ 
earity.  Yet  unlike  KTP,  the  crystal  growth  properties  of  CTA 
differ  significaruly  from  those  of  KTP  and  related  isomorphs. 

We  have  investigated  the  growth  of  CTA  crystals  using  the 
tungstate-flux,  the  molybdate-flux  and  the  various  self  fluxes. 

A  detail  understanding  of  the  phase  stability  regions  and  of  the 
crystal  chemistry  of  CTA  have  allowed  us  to  routUKly  grow 
large  (-10  x  22  x  32  mm^)  inclusion-free  crystals  of  CsTiOAs- 


O4.  PtelimituDy  measurement  of  the  linear  arrd  nonlinear  opti¬ 
cal  properties  of  these  crystals  reveak  that  CsTiOAs04  pos¬ 
sesses  interesting  properties  which  rucely  complement  that  of 
KTP,  thus  making  CTA  of  commercial  interest,  fri  this  talk, 
both  the  crystal  growth  of  Cs'nOAs04  and  its  properties  are 
discussed. 

*CotTesponding  author. 

^I^otas,  Marnier,  Boulanger  and  Menaert,  Acta  Cryst.  (1989), 
C45, 1123-1125. 
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INVESTIGATIONS  OF  THE  FLUX  CRISTALLIZATION  PROCESSES  AND 
PROPERTIES  of  KTi0P04  and  LiBsOg 
VA.  Maslov.  LA.  Olkhavaya,  V.V.  Osiko  and  EA.  Shcherbakov 
General  Physics  Institute,  38  Vavilov  Sir.,  117942  Moscow,  USSR 


In  the  recent  years  Kn0P04  and  LiB30s  crystals  are 
widely  used  in  nonlinear  optics  [1].  However,  the  problem  of 
growing  of  large  high-quality  crystals,  which  fit  for  producing 
optical  elements  with  high  stable  characteristics,  is  not  decided 
up  to  now. 

Morthological  and  structural  characteristics,  of  KTP  and 
LBO  crystals  have  been  described.  We  have  also  determined 
the  crystals  solubility  and  metastable  region  width  in  the  differ- 
em  fiuxes.  Because  of  high  viscosity,  the  growth  rate  do  not 
exceed  l-3mm/day,  so  total  crystallization  process  continues 
about  3-4  weeks.  For  receiving  the  large  optical  quality  crystals 
the  top-  seeded  method  was  used.  As  a  result,  the  KTP  and 
LBO  crystal  is  were  grown  with  the  size  of  iqi  to  80  cm^  and  6 
cm^  conespondingly.  Habit  of  grown  crystals  depends  on 
seeds  orientation,  flux  compositions  and  some  dopant  ele¬ 
ments.  The  transmission  spectra  for  clear  and  Fe-group  and  A1 
activative  elements  are  investigated.  Using  chemical  etching, 
optical  and  electron  microscopes,  the  real  structure  of  both 
crystals  have  been  studied.  It  was  established  that  “grey 


tracks,”  which  was  atiised  in  KTP  crystals  under  laser  radia¬ 
tion  existed  due  to  different  dopants  elements,  in  particular  A1 
one.  When  using  especially  pure  components,  tiie  optical  dam¬ 
age  threshold  of  the  crystals  has  been  increased. 

As  compared  with  die  LiNb03  substrate  the  KTP  crystal 
provides  new  possibilities  for  integration  of  active  and  passive 
elements  required  in  optical  information  processing.  Some  of 
the  integrated  optical  elements  based  on  the  KTP  were 
designed  and  investigated  [2].  For  example,  the  method  of 
fabrication  of  2-D  structures  of  optical  waveguides  in  the  KTP 
was  presented. 


1.  J.D.  Bierlein,  H.  Vanherzeele,  J.  Opt.  Soc.  AmD  6,  622 
(1989). 

2.  E.M.  Dianov,  VA.  Maslov,  A.M.  Prokhorov,  EA 
Shcherbakov.  Conference  on  Laser  and  Electro  Optics, 
1991  (Optical  Society  of  America,  Washington,  D.C.  1991), 
pp.  54-56. 


SURFACE  STABILITY  OF  LITHIUM  TRIBORATE  CRYSTALS 
GROWN  FROM  EXCESS  BORIC  OXIDE  SOLUTIONS 
E.  BrUck,  RJ.  Raymakers,  RJ[.  Route  and  RS.  Feigdson 
Center  for  Malmais  Research 
Stanford  University,  Staitibrd,  CA  94305 


In  varying  degrees,  lithium  triborate  (LiB305,  LBO)  crys¬ 
tals  that  are  exposed  to  an  ambient  air  atmosphere,  either  dur¬ 
ing  high  temperature  processing,  or  during  growth  from  the 
melt,  exhibit  surface  decomposition.  A  thin  polycrystalline 
layer  consisting  of  the  lithium-rich  phase,  L^BioOn*  ^ 
sometimes  other  Li-rich  phases,  forms  on  the  crystal  surfaces 
within  a  few  hours  at  high  temperatures.  This  is  a  serious 
problem  because,  upon  cooling,  the  underlying  LBO  crystal 
always  fractures,  presumably  due  to  stresses  resulting  from 
differential  thermal  expansion  between  the  oystal  and  the  sur¬ 
face  layer.  A  techruque  has  been  developed  to  prevent  surface 
decomposition  of  LBO  crystals  during  growth  and  aimealing  at 
elevated  temperatures.  Crystals  grown  using  this  method 
remain  water-clear  on  the  surface  during  3-4  week  long  growth 
cycles,  and  have  shown  no  tendency  to  crack  during  cooling. 


This  is  in  contrast  to  crystals  grown  in  die  same  furnaces  under 
normal  corditions  which  almost  alwt^s  exhibit  significant 
amounts  of  decomposition-related  cracking. 

The  tiiermal  decomposition  process  appears  to  be  of  a 
catalytic  nature,  and  while  the  kinetics  of  die  reaction  have 
been  studied,  an  unambiguous  determiruuion  of  its  exact  chem¬ 
ical  pathway  is  difficult  due  to  challenges  in  detecting  the 
various  reaction  products  that  are  produced.  The  results  from 
spectral  and  microchemical  analysis  of  the  thermal  decomposi¬ 
tion  products,  and  the  chenucal  decomposition  reacticms  will 
be  presented. 


This  research  was  supported  by  the  Defense  Advanced 
Research  Projects  Agency. 
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P-BaBi04  SINGLE  CRYSTAL  GROWTH  BY  CZOCHRALSKI  METHOD 
USING  AN  a-BaB204,  AND  A  P-BaB204  SINGLE  CRYSTAL 
AS  STARTING  MATERIALS 
H.  Kouta,  S.  Imoto  and  Y.  Kuwano 

Material  Development  Center  NEC  Corporation.  Kawasald.  216,  Jipm 


P-BaB204  single  crystal  growth  die  Czochralsld 
inethod[1.2]  requires  two  important  factors:  1.  P-form  (tow 
temperature  form)  is  nucleated  from  a  BaB204  melt  before 
a-form  nucleation  (high  temperature  form)  on  the  platinmn 
rod,  which  is  used  as  a  cold  finger  for  first  seeding,  instead  of  a 
seed  crystal.  2.  Suitable  heat  transfer  conditions  are  main¬ 
tained,  as  a  high  quali^  P-form  crystal  is  subsequently  grown 
from  the  BaB204  melt.  The  reason  why  the  P-form  was  nucle¬ 
ated  from  a  BaB204  melt  was  explained  with  the  theoretical 
consideration  on  the  interfacial  energy  (o)  with  regard  to  a 
certain  melt  sttucture[2].  In  this  report,  crystal  growths  using 
a-BaB204  and  P-BaB2P4  single  crystal  as  starting  materials 
were  carried  out  to  clarify  the  effect  on  these  two  important 
factors. 

a  and  P-BaB204  single  crystals  were  prepared  as  starting 
materials  with  the  Czochralsld  method,  using  a  P-form  powder, 
which  was  made  of  BaB204«4H2P.  The  Czochralsld  method 
experiments  were  implemented  using  these  respective  materi- 
ab  with  IRE  heating.  When  the  starting  material  was  melted, 
the  platinum  tod  contacted  the  melt  surface  at  1050‘C.  Then 
the  polycrystalline  seed  was  nucleated  on  the  platinum  rod  dp. 
As  the  seed  was  pulled  up,  one  single  crystal,  having  a  specific 
orientation,  was  preferendalty  grown.  Then,  crystal  diameter 
graduaUy  increased  to  about  10  mm. 

Using  a-form  single  crystal  as  a  starting  material,  only 
a-form  polycrystalline  was  nucleated  just  afrer  melting  and 
after  keyring  melt  condidoiu  constant  for  3  hours.  However, 
p-form  polycrystalline  was  nucleated  alter  keqring  the  condi- 
dons  constant  for  4  hours.  On  the  other  hand,  using  P-form 
single  crystal  as  a  starting  material,  P-form  polycrystalline  was 
always  nucleated.  Especially,  just  after  melting,  high  quality 
P-form  single  crystal  was  obtained. 


It  is  coruidered  fimn  these  experimental  facts  that  the 
BaB2Q4,  just  afrer  melting,  maintains  a  specific  starting  mate¬ 
rial  structure.  This  structure  gradually  breaks  down  with 
time(3].  This  consideration  is  suirunarized  in  Table  L  Based  cn 
nucleation  thBory[2],  die  a-fwm  melt  maintains  a  specific  a- 
form  structure.  Then,  the  a-form  is  nucleated,  probably  due  to 
Oa  <  Op.  After  diis  a-like  structure  breaks  down,  P-form  is 
nucleat^  probably  due  to  Oq  <  Similar  consideration  cn 
relationship  on  the  interfacial  energy  may  hold  for  P-form  melt, 
because  the  P-form  melt  maintains  a  specific  P-form  strucuire, 
so  die  p-form  is  nucleated  and  a  hi^  quali^  P-form  single 
crystal  can  be  grown.  These  a  values  would  be  able  to  be 

TabUl.  Relatioiuhip  bettveen  melt  structurt  and  nucleated  form. 


Starting  material 

Just  afrer  melting 

Afrer  relaxation 
time 

a-BaB204  single 
crystal 

a-like  melt  -*  a 
nucleation 

(Oo<Ob) 

Normal  melt  — >  P 
nucleation 

(Oa>Op) 

^BaB204  single 
crystal 

P-like  melt  ^ 
nucleation 

(Oa»Op) 

Normal  melt  — »  P 
nucleation 

(Oa>Op) 

estimated,  using  experimental  data  for  latent  heat  and  degree  of 
siqietoooling. 


[1]  K.  Ito,  F.  Marumo  and  Y.  Kuwarw,  J.  Crystal  Growth  106 
(1990)  728. 

[2]  H.  Kouta,  Y.  Kuwano,  K.  Ito  and  F.  Marumo.  J.  Crystal 
Growth,  to  be  published. 

[3]  S.  Imoto,  S.  Kimura,  Y.  Anzai  and  Y.  Kuwano,  The  39th 
spring  meeting  (1992);  The  Jq>an  Society  of  Apfdied 
Physics. 


GROWTH  AND  PROPERTIES  OF  NEW  TB  TYPE  PHOTOREFRACTIVE  CRYSTALS 
Huanchu  Chen,  Daliang  Sun,  Quamhong  Jiang  and  Yongyuan  Song 
Institute  of  Crystal  Materials,  Shandong  University  2S0100,  P.R.  China 


Photorefractive  (PR)  crystals  are  extremely  interesting 
materials  from  the  poiiu  of  view  of  frmdamental  studies  as  well 
as  varies  of  applications.  The  most  current  applications  of  the 
PR  effect  in  single  crystals  involve  hologram  memory  and 
optical  phase  conjugation.  In  this  paper,  we  report  a  new  kind 
of  tungasten  bronze  crystals  with  “A  sites”  unfull-filled  and 
doped  with  Cu^  ions.  The  composition  of  the  crystals  were 


designed.  The  crystals  widi  size  as  large  as  35x3Sx35mm^ 
have  been  obtained  bv  CZ  pulling.  The  crystals  showed  large 
gain  r  up  to  20cm'\  high  self-pumped  phase  conjugation 
reflectivity  around  6S%  high  PR  sensitivity  in  the  order  of 
lO'^cm^/7  and  high  output  image  quality.  Crystal  growth  condi¬ 
tions  and  growth  habits  were  discussed. 
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SESSION  1C 


POINT  DEFECT,  CARBON  AND  OXYGEN  COMPLEXING  IN 
POLYCRYSTALLINE  SIUCON 
JJ>.Kalejs 

Mobil  Solar  Energy  Corporation 
4  Suburban  Park  Drive,  BiUerica,  MA  01821,  USA 


The  importance  of  native  point  defects  on  silicon  crystal 
defect  development  during  melt  growth  processes  and  on  mate¬ 
rial  electronic  properties  has  become  increasingly  more  recog¬ 
nized  since  die  seminal  work  of  Foell  et  al  (1).  Silicon 
self-interstidals  and  vacancies  together  with  their  interactions 
with  carbon  and  oxygen  need  to  be  examined  in  formulating 
models  for  precipitate  and  microdefect  formation  processes 
during  the  growth  process. 

Polycrystalline  silicon  crystals  grown  by  directional  solidi¬ 
fication  or  casting  techniques,  and  by  sheet  formation  methods, 
present  a  challenging  situation  to  analyze  in  terms  of  point 
defect  influence  on  material  properties.  Dislocation  densities 
and  grain  boundaries  are  inhomogeneously  distributed,  and 
carbon  levels  are  higher.  These  materials  often  exhibit  different 
responses  in  electronic  quality  changes  in  subsequent  process¬ 
ing,  and  there  is  increasing  evidence  that  this  response  is  gov¬ 
erned  by  point  defect  availability  and  proceeds  via  mechanisms 
similar  to  those  in  single  crystals. 


This  pqier  discusses  extensions  of  point  defect  models  for 
one  polycrystalline  silicon  material  -  silicon  sheet  produced  1^ 
the  Edge-defined  Film-fed  Growth  (EFG)  technique  -  being 
grown  for  i^otovoltaic  ^tplications.  EFG  itiqwses  unique  con¬ 
ditions  on  defect  fortnation,  with  crystal  thicknesses  of  300 
microns,  high  interface  temperature  gradients  (1000*C/cm)  and 
cooling  rates,  and  a  supersaturated  carbon  melL  Interstitial 
oxygen  levels  can  be  varied  from  below  detection  to  the  order 
of  IxlO^^/cm^.  Point  defect  nuuiifestations  are  deduced  from  a 
study  of  material  properties  using  analysis  techniques  such  as 
IR  spectroscopy,  SIMS,  and  microscopy.  New  results  whidi 
help  identify  important  roles  for  point  defects  in  carbon  and 
oxygen  complex  developnnent,  and  self-interstitial  and  vacancy 
impacts  on  defect  formation  processes  are  presented. 


(1)  H.  Foell,  U.  Goesele  and  B.O.  Kolbesen,  J.  Crystal  Growth 
52(1981)907. 
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CHARACTERIZATION  OF  INTERSTITIAL  OXYGEN  STRIATIONS 
IN  SHJCON  SINGLE  CRYSTALS 
/.  Fusegawa,  H.  Yamagiski,  H.  Takayama,  E.  lino  and  K.  Takano 
Isobe  R&D  Center,  Shin-Btsu  HandoUi  Co.,  Ltd. 

Isobe  2-13-1,  Annaka,  Guiuna.  Japan 


It  is  well  known  that  striations  are  fonned  during 
Czochralski  single  crystal  growth.  Especially,  interstitial  oxy¬ 
gen  (Oi)  impurities  are  precipitated  during  LSI  fabrication  pro¬ 
cess  and  formed  ununiform  Oi  precipitation  along  those 
striations.  If  those  striations  are  acconqianied  by  crystal 
defects,  Oi  impurities  are  heterogeneously  precipitated,  which 
may  reduce  the  yield  of  LSI  device  fabrication.  In  order  to 
evaluate  those  striations,  we  developed  a  micro-FTIR  mapinng 
system[l].  This  system  is  effective  for  measuring  the  ttucro 
distribution  of  Oi  impurities  along  striations  quantitatively.  In 
this  pq>er,  we  investigated  the  relation  between  the  miao  dis¬ 
tribution  of  Oi  impurities  along  striations  and  CZ  growth  con¬ 
ditions.  And  also,  those  micro  precipitation  phenomena  were 
investigated  whether  homogeneous  or  heterogeneous  due  to 
accompanied  crystal  defects. 

In  the  experiments,  several  CZ  silicon  single  crystals  were 
grown.  Ihe  diameters  of  quartz  -  crucibles  were  30cm,  45cm 
and  61cm.  The  diameters  of  silicon  single  crystals  grown  fiom 
each  crucible  were  10cm.  IScm  and  20ctn,  respectively.  A 
magnetic  field  perpendicular  to  the  growth  -  axis  were  ^lied 
in  the  strength  up  to  0.4T  <001>  oriented  wafers  of  2nun 
thickness  were  taken  from  those  crystals,  sliced  parallel  to  the 
<10Q>  growth  axis.  The  micro  distributions  of  Oi  concentra¬ 
tion  ([Oi])  were  measured  widi  a  micro-FTIR  mapping  system 
of  JIR-6S00.  Its  aperture  size  was  0.1mm  (in  growth  direction) 
X  0.2nun  (in  radial  direction).  The  interval  of  the  measuring 


step  was  0. 1mm  along  die  growtii  direction.  Uiose  wafers  were 
treated  by  striation  etching  techruques  and  their  optical  rrucro- 
photographs  were  taken.  In  order  to  measure  the  precipitated 
[Oi],  those  wafers  were  treated  by  an  aimealing  process  (at 
1073K  for  4hrs  and  at  1273K  for  16hrs). 

In  the  results,  the  micro  distribution  of  Oi  impurities  had  an 
interval  of  about  0.8mm  with  or  without  a  magnetic  Held.  The 
peak  to  valley  [Oi]  for  eadi  crystal  without  a  magnetic  field 
were  as  follows;  03xl0’^/cm^  (Old  ASTM)  for  the  crystal  of 
20cm  diameter,  03x10  /on  for  tire  one  of  IScm  diameter  and 
0.7xl0'^/cm^  for  the  one  of  10cm  diameter.  Those  deviation 
values  were  higher  for  small  crucible  diameter  than  for  large 
diameter.  When  a  horizontal  magnetic  field  was  applied  in  the 
strength  of  0.4T,  tire  peak  to  vall^  [Oi]  was  0.2xl0^^/cm^  for 
intermediate  [Oi]  range  and  O.lxlO'^/cm^  for  low  [Oi]  one. 
This  result  showed  that  the  peak  to  valley  [Oi]  can  be  reduced 
only  when  mean  [Oi]  is  extremely  lowered.  An  almost  linear 
relation  was  obtained  when  the  precipitated  [Oi]  and  iititial 
[Oi]  were  plotted.  Therefore,  the  precipitation  behavior  of  the 
Oi  maximum  region  is  not  much  different  from  the  other 
region.  We  considered  that  Oi  striations  were  not  accomparued 
by  crystal  defects  because  Oi  precipitation  didn’t  take  a  place 
heterogeneously. 


[1]I.  Fusegawa  and  H.  Yamagishi:DRIP4  in  England  (1991) 
No.  P-15. 
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DETECTION  OF  MICRODEFECTS  NEAR  SURFACE  AND  INSIDE  OF  ULTRA-THIN 
SEMICONDUCTOR  CRYSTALS  BY  UGHT  SCATTERING  AND  INTERFERENCE  METHODS 
Lu  Taijing,  Koictu  Toyoda,  Li  Lion*,  Nobuhito  Nango**  and  Tomoya  Ogawa* 

Laser  Science  Group,  Institute  of  Physical  and  Chemical  Research,  Wako,  3SI-01  Japan 
^Department  of  Physics,  Gakushuin  University,  Mejiro,  Tokyo  171  Jiqian 
**Ratoc  System  Engineering  Co.,  Ltd,  Nishishinjuku  7-7-33,  Tokyo,  160  Japan 


By  urgent  requirement  of  ULSI  technology,  non-destructive 
detection  of  microdefects  near  surface  of  semiconductor  crys¬ 
tals  and  inside  of  ultra-thin  epitaxially  grown  layers  on  them 
become  more  and  more  important  and  necessary.  Here,  we 
report  two  new  methods  to  detect  the  microdefects  and  to 
characterize  interfaces  in  semiconductor  crystals,  particularly, 
in  the  region  near  the  surfaces. 

To  detect  the  microdefects  and/or  microprecipitates  located 
near  or  just  under  surfaces,  Brewster  angle  illumination  mode 
of  laser  light  scattering  tomogrrqihy  was  developed,  since  the 
p-component  of  the  illumination  completely  enters  into  the 
wafer  and  then  makes  scattering  from  the  defects,  where  the 
other  s-component  reflected  by  the  wafer  surface  deviates  far 
from  an  objective  lens. 

Since  the  wavelength  of  incident  light  is  adjusted  to  control 
the  penetration  depth  of  laser  beam,  three-dimensional  distri¬ 
bution  of  the  microdefects  is  detected  even  near  the  surface  of  a 
crystal.  The  microprecipitates  in  denuded  zone  of  Si  wafers 


were  clearly  detected  and  characterized  by  Brewster  angle  illu¬ 
mination. 

To  detect  the  existence  of  interfuses  and  its  imperfection  we 
developed  successfully  a  new  method  called  new  interference 
fringes  method.  Interference  fringes  generated  by  ultra-thin 
crystalline  layers  or  thin  films  were  observed  by  epitaxial  lay¬ 
ers,  SIMOX  wafers,  and  amorj^ous  thin  films  grown  on  crys¬ 
talline  substrate,  by  which  the  perfection  of  film  and  interface 
between  the  film  and  substrate  were  characterized.  It  was 
found  that  the  quality  and  visibility  of  the  fringes  were  strongly 
depended  upon  the  nature  of  the  interfaces  such  as  the 
microroughness  of  the  interface,  refractive  indices  difference  at 
the  interface  and  the  quality  of  the  layer.  These  fringes  are  well 
explained  by  interfereiKe  between  light  reflected  from  a  top 
surface  of  the  layer  and  the  light  scattered  from  the  interface 
inside  of  a  crystaL 

Therefore,  the  two  new  methods  mentioned  above  are  very 
effective  for  thin  film  crystal  characterization  and  improve¬ 
ment  of  many  processes  of  ULSI  and  epitaxial  growth. 


DEVELOPMENT  OF  A  NONDESTRUCTIVE  BULK  MICRO-DEFECT 
ANALYZER  FOR  SIUCON  WAFERS 
Kazuo  Moriya,  Hideo  Wada  and  KatsuyuJd  Hirai 
R&D  Center,  Mitsui  Mining  &  Smelting  Co.,  Ltd. 

1333-2,  Haraichi,  Ageo-shi  Saitama  362  Japan 


Non-destructive  laser  scattering  tomography  was  developed 
for  measuring  the  defects  in  Si  wafers.  With  the  convendotuil 
laser  scattering  tomography  (destructive),  we  can  obtain  the 
scattering  image  near  the  surface  of  Si  wafer,  however  it  is  very 
difficult  to  measure  the  subsurface  defects,  or  the  defects  on  the 
boundary  in  the  ion  implanted  multilayer  wafer. 

In  this  new  system,  incident  laser  beam  is  introduced  fiom 
the  polished  surface  of  the  wafer  and  scattaed  light  from 
defects  is  also  detected  from  the  surface  side.  To  avoid  the 
influence  of  surface  reflection,  the  angle  of  itKident  laser  beam 
is  set  near  the  Brewster  angle,  and  observation  angle  is  set  near 
the  perpendicular  to  the  wafer. 

Defect  image  in  the  wafer  can  be  constructed  by  scanning 
the  laser  beam.  The  resolution  and  detectability  of  observation 
are  almost  even  with  conventional  laser  scattering  tomogra¬ 
phy Observable  samples  range  from  as-grown,  to 


SOIfSIMOX  etc.),  to  IG(intrin5ic  Gettoing)  tteated,  to  epitax¬ 
ial  wafers. 

To  obtain  the  information  of  the  defects  in  wafer,  die  fol¬ 
lowing  three  kinds  of  measurement  mode  are  applied: 

1)  horizontal  cross  section  image  for  estimating  subsurface 
defects; 

2)  horizontal  layer  by  layer  cross  section  images  for 
measuring  depth  profile  of  defects; 

3)  vertical  cross  sectional  image  from  the  surface  to  300  m 
in  depth  for  estimating  Denuded  Zone  of  IG  wafer. 

By  this  method  and  measurement  modes,  the  defects  from 
the  surface  to  the  inside  were  nondestructively  estimated,  and 
the  surface  dust  and  subsurface  defects  were  also  distinguish. 

‘K.  Moriya,  K.  Hirai,  K.  Kashima  and  Shin’.Takasu,  Appl. 
Fhys.  66(1989)5267. 
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CHARACTERISTICS  OF  A  CRYSTAL  TEMPERATURE  IN  A  CZ-PULLER 
-  COMPARISON  BETWEEN  SIMULATION  AND  EXPERIMENT  • 

T.  Fujhvara,  S,  Jnanu,  S.  Miyahara,  S.  Kobayasi.  T.  Kubo  and  H.  Fujmara 
Advanced  Technology  Research  Labs.,  Sumitomo  Metal  Ind.  Ltd. 

1-8  Fuso-Cho,  Amagasald,  660  Japan 


The  authors  already  developed  a  mathematical  model  for  a 
Czochralsld  crystal  growth  [1-3].  The  model;  (1)  includes  a 
global  radiative  heat  exchange  based  on  a  diffuse-gray  radia¬ 
tion  and  multiple  reflection,  (2)  is  a  transient  model,  (3)  treats 
the  moving  curvature  of  the  crystal-melt  interface  by  the  Stefan 
condition,  and  (4)  permits  fast  calculation  of  the  view  factors 
by  employing  an  analytical  method.  The  model  was  applied  to 
2  and  6"i|)  Si-CZ  crystals.  As  a  result  of  the  calculations,  the 
crystal  temperature  had  the  following  characteristics:  the  crys¬ 
tal  temperature  was  determined  by  the  distance  fiom  the  melt 
surface  and  almost  independent  of  the  length  and  the  position 
in  the  crystal  [2,3,4]. 

In  order  to  investigate  the  characteristics,  the  experiments 
were  performed  with  a  2"^  crystal  under  stationary  condition  in 
the  following  cases;  (1 )  the  crystal  is  dipped  to  the  melt  and  the 
length  of  the  crystal  is  changed  by  melting  and  (2)  the  crystal  is 


detached  from  the  melt  and  the  distance  between  the  crystal 
artd  the  melt  surface  is  changed. 

The  calculations  were  also  dorte  for  the  both  cases.  The 
experiments  and  calculations  coincided  with  each  other  very 
well  for  the  both  cases  concerning  the  crystal  temperature.  This 
fact  tells  that  under  stationary  condition  die  model  can  estimate 
the  crystal  temperature  when  the  crystal  is  dipped  and 
detached.  Since  the  transient  effect  on  the  crystal  temperature 
is  considered  to  be  small  because  of  low  pull-rate,  the  charac¬ 
teristics  is  also  supported  by  the  calculation. 


[1]  S.  Miy^araetai;  J.  Crystal  Growth,  99, 696(1990) 

[2]  S.  Miyahara  etal;  Semiconductor  SUicon  1990, 94(1990) 

[3]  S.  Miyahara  etal;  Computer  Aided  Innovation  New 
Materials,  561(1991) 

[4]  S.  Shinoyama  etal;  Oyo  Buturi,  60, 766(1991) 
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tN-SlTU  OBSERVATION  OF  SURFACE  TENSION  DRIVEN  FLOW 
ON  THE  MOLTEN  SHJCON  SURFACE 
Koichi  Kakimoto,  Masahito  Watanabe,  Minoru  Eguchi  and  Taketoski  Hibiya 
Fundamental  Research  Laboratories,  NEC  Corporation 
34,  Miyukigaoka,  Tsukuba  30S,  Japan 


Oxygen  concentration  which  plays  an  important  role  in 
gettering  of  contaminants  in  CZ  silicon  single  crystals  may  be 
affected  by  surface  tension  drven  flow  of  molten  silicon.  How¬ 
ever,  we  have  not  been  able  to  identify  main  driving  force  of 
the  flow  (temperature  gradient  or  impurity  concentration  gradi¬ 
ent),  whereas  bulk  flow  is  mainly  attributed  to  temperature 
distribution  in  the  melt.  i  herefore,  if  we  can  observe  both  the 
surface  and  bulk  flows  simultaneously,  the  origin  of  the  surface 
tension  driven  flow  can  be  extracted  by  subtracting  the  temper¬ 
ature  gradient  effect. 

We  have  succeeded  in  the  in-situ  observation  of  surface 
tension  driven  flow  using  an  X-ray  radiography  system.  The 
simultaneously  observed  top  views  of  the  particle  paths  in  the 


Crucible 


melt  and  on  the  surface  are  shown  in  Rgs.  1(a)  and  1(b), 
respectively.  We  can  identify  that  lower  temperature  melt  exists 
at  point  A  in  Fig.  1  (a),  because  the  particle  sinks  at  that  point  If 
the  surface  tension  driven  flow  is  mainly  attributed  to  the  tem¬ 
perature  gradient  on  the  surface,  the  particle  should  move  from 
point  B  to  C  in  Fig.  1(b),  because  the  thermocapnllary  force  acts 
in  the  direction  from  higher  to  lower  temperature  area  on  the 
surface.  However,  as  shown  by  an  arrow  in  Fig.  1(b),  the 
particle  moved  from  C  to  B.  Consequently,  we  can  suggest  that 
the  origin  of  the  surface  tension  driven  flow  in  the  CZ  system 
is  not  mainly  temperature  gradient  but  impurity  concentration 
gradient 


Crucible 


Figure  I.  Top  view  ofsinudlaneously  observed  particle  paths:  (a)  in  the  bulk  melt  and  (b)  on  the  surface. 
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INSITU  OBSERVATION  OF  THE  CONVECTION  ON  THE 
SURFACE  OF  SHJCON  MELT 
H.  Yamagishi,  /.  Fusegawa,  E.  lino  and  K.  Takano 
Isobe  R&D  Center,  Shin-Etsu  Handotai  Co.,  Ltd. 

Isobe  2-13-1,  Annaka.  Gunma,  Japan 


Convection  on  the  surface  of  silicon  melt  in  a  quartz  cruci¬ 
ble  has  great  effect  on  CZ  silicon  single  crystallization.  How¬ 
ever,  it  is  very  difficult  to  visualize  its  motion.  We  developed 
directly  observing  method  from  the  top  of  the  surface  and 
investigated  the  behavior  of  the  motion  of  silicon  melt. 

In  the  experiments,  we  prepared  two  types  of  furnace.  The 
one  was  cusp  MCZ  with  a  quartz  cmcible  of  12"  diameter.  This 
furnace  was  equipped  with  cusp  type  magnetic  field  of  O.IT. 
The  other  one  was  HMCZ  with  a  quartz  crucible  of  18"  diame¬ 
ter.  Its  maximum  magnetic  field  perpendicular  to  the  growth 
axis  could  be  applied  in  the  strength  of  0.43T.  The  melt  surface 
without  a  silicon  crystal  was  observed  from  the  top  of  surface 
by  a  visicon  or  CCD  camera  with  a  silicon  wafer  minor  of  8" 
diameter.  The  image  was  recorded  on  video  tapes  and  their 
motion  was  analyzed  after  an  enhancing  treatment  by  an  image 
processor. 

In  the  results,  irregularly  shaped  black  band  images  were 
observed  on  the  silicon  melt.  They  showed  complicated 
motions  according  to  the  increasing  of  the  cmcible  rotation 
rate.  In  the  case  of  cmcible  rotation  rate  of  Orpm,  those  black 
bands  seemed  to  flow  towards  one  direction  in  the  cmcible. 
When  the  cusp  magnetic  field  was  applied  and  its  strength  was 
gradually  increased,  several  black  bands  were  observed  but 
seemed  to  stand  still.  When  a  horizontal  magnetic  field  was 
applied  in  the  strength  of  0.05T,  their  motion  was  almost 


stopped.  This  band  stretched  in  the  direction  perpendicular  to 
the  horizontal  magnetic  field.  Those  images  couldn’t  be 
observed  in  the  magnetic  field  over  0.2T.  In  the  case  of  increas¬ 
ing  the  crucible  rotation  rate,  those  bands  were  split  into  many 
ones  and  formed  irregularly  shaped  network  both  with  or  with¬ 
out  magnetic  fields.  The  temperature  at  the  black  band  was 
about  lOK  lower  than  the  other  part  by  an  IR  radiation  ther¬ 
mometer.  The  mean  temperature  of  the  melt  decreased  accord¬ 
ing  to  the  increasing  of  the  crucible  rotation  rate,  which  was  in 
good  agreement  with  the  enhancement  of  black  band  images. 
In  order  to  investigate  the  motion  of  the  melt  on  the  surface, 
granular  poly  silicon  of  about  1mm  diameter  was  dropped  into 
the  melt  and  their  motions  were  investigated  by  changing  the 
crucible  rotation  rate.  When  the  crucible  rotation  rate  was 
O^rpm.  a  black  band  was  stretched  perpendicular  to  the  hori¬ 
zontal  magnetic  field  of  O.OST  as  mentioned  before.  The 
dropped  granular  poly  silicons  were  attracted  to  the  band  and 
melted  down  within  a  few  seconds.  Its  velocity  was  about 
13.7mm/sec.  When  the  crucible  rotation  was  increased  to  8tpm 
without  the  magnetic  field,  all  the  dropped  granular  poly  sili¬ 
cons  were  attracted  to  the  developed  network.  In  the  case  of  the 
applied  magnetic  field  of  0.4T,  no  black  band  image  was 
observed.  The  dropped  granular  poly  silicon  stood  almost  still. 
In  conclusion,  the  motion  of  those  black  bands  were  related  to 
the  convection  at  the  surface  of  silicon  melt 
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GRAVITY  EFFECT  ON  UQUID  PHASE  EPITAXY  OF  SIUCON 
H.  Kanai,  S.  Motoyama*.  M.  Kimura,  A.  Tanaka  and  T.  Sukegawa 
Research  Institute  of  Electronics,  Shizuoka  University, 

Johoku  3-5-1,  Hamamatsu  432,  Japan 
*Advanced  Technology  Center,  New  Japan  Radio  Ltd., 
Kamifukuoka  2-1-1,  Kemifiikuoka  356,  JAPAN 


The  principal  effect  of  gravity  on  dissolution  and  growth 
from  solution  is  the  generation  of  convection  as  a  result  of 
density  gradients  [1,2].  In  this  paper,  the  effect  of  gravity  on 
mass  transport  during  growth  will  be  discussed. 

We  have  examined  the  epitaxial  growth  of  silicon  using 
horizontal  substrate-solution-substrate  “sandwich”  system 
under  isothermal  condition.  The  epitaxial  layers  were  grown  on 
(111)  oriented,  n-type  silicon  substrate  by  ramp  cooling  using 
tin  solvent  The  epitaxial  growth  was  initiated  at  994*C  and  the 
temperature  was  lowered  to  974*C  at  a  constant  cooling  rate  of 
0.33’C/min.  After  the  growth  period,  tin  solution  was  removed 
from  both  substrates.  In  all  these  experiments,  no  initial  melt 
supersaturation  was  used  and  the  solution  thickness  was  ranged 
from  2mm  to  7mm  The  epitaxial  layer  thickness  of  the  upper 
and  lower  substrates  was  measured  as  a  function  of  both  solu¬ 
tion  thickness  and  growth  time.  The  difference  in  layer  thick¬ 
ness  between  both  substrates  provides  important  information 
about  the  gravity  effect  of  crystal  growth. 


When  the  solution  thickness  was  thin  (2iiun),  there  was 
little  difference  in  the  grown  thickness  of  silicon  layo^s 
between  both  substrates.  This  means  normal  diffusion-limited 
growth  occurs.  In  the  case  of  thick  tin  solution  (7mm),  liu?'- 
ever,  growth  on  the  i^>per  substrate  was  larger  than  that  on  the 
lower  substrate.  Further  the  ratio  of  die  layer  thickness  on  the 
upper  substrate  to  that  on  the  lower  one  was  increasing  with 
increase  of  solution  thickness.  These  results  suggest  that  solu- 
tal  convection  occurs  in  the  solution  and  it  enhances  the  solute 
transport  upwards.  The  origin  of  convection  is  density  gradient 
caused  by  growth  process  itself. 


[1]  T.  Sukegawa,  M.  Kimura  and  A.  Tanaka,  J.  Crystal  Growth, 
92  (1988)46-52. 

[2]  M.  Kimura,  A.  Tanaka  and  T.  Sukegawa,  J.  Cry:..-il  Growth, 
109(1991)181-185. 


GROWTH  OF  THIN  CRYSTALLINE  SIUCON  LAYERS  FOR 
PHOTOVOLTAIC  DEVICE  USE 
TJ^.  Ciszek,  R.  Burrows  and  TU.  Wang 
National  Renewable  Energy  Laboratory 
Golden,  Colorado,  80401  USA 


The  limited  optical  absorption  of  silicon  necessitates  a 
thickness  on  the  order  of  100pm  or  greater  for  efficient  photo¬ 
voltaic  device  operation.  However,  with  suitable  light  trapping 
and  back  reflection  designs,  it  may  be  possible  to  substantially 
reduce  the  physical  thickness  while  maintaining  an  optical  path 
length  near  100pm.  Thus  there  is  current  interest  in  thin-layer 
(10-50pm)  silicon  for  this  application.  We  have  grown  thin 
silicon  layers  on  single-crystal  silicon  substrates  from  a  variety 


of  metal  solvents,  both  doping  and  non-dopng.  The  growth 
temperature  varied  with  the  particular  solvent  but  was  always 
less  than  llOO’C.  The  conditions  of  growth,  morphology,  sol¬ 
vent  incorporation  characteristics,  and  electrical  properties  of 
the  solution  grown  layers  will  be  presented  and  discussed.  Thin 
layers  with  suitable  impurity  characteristics  and  grain  size  for 
photovoltaic  use  were  obtained. 
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MISFIT  DISLOCATION  FORMATION  AND  INTERACTION  IN  G«  ON  (001)  Si 

M.  Albrecht  and  HP.  Strunk 

Institut  fill  Werkstoffwissenschaften  VII.  Universitit  Erlangen, 

Haberstr.  2,  DW-8S20  Erlangen,  Gemumy 


The  heteroepitaxial  system  Ge  on  Si  is  currently  of  consid¬ 
erable  technological  interest;  also,  it  serves  as  a  qrpreciated 
model  system  to  study  the  defect  i^ocesses  that  may  occur  to 
accommodate  misfit  stresses. 

Nucleadon  and  formation  of  misfit  dislocations  may,  in 
addition  to  the  misfit  stresses,  be  controlled  by  the  actually 
occurring  growth  processes  at  the  growing  surface.  Some  work 
on  these  topics  is  available  in  the  literature,  mostly  on  speci¬ 
mens  grown  by  molecular  beam  ejntaxy  (MBE).  This  growth 
procedure  causes  high  supersaturations  on  the  growing  surface 
and  thus  growth  occurs  appreciably  far  off  the  thermodynami¬ 
cal  equilibrium. 

In  order  to  avoid  complications  in  the  interpretation  of 
observations  we  analyze  the  misfit  dislocation  structure  in  Ge 
grown  by  liquid  phase  epitaxy  (Ge  solution  in  Bi  liquid)  on 
(001)  Si;  the  Bi  is  deposited  at  the  saturation  temperature  of 
800'C,  i.e.  the  thermodynamical  driving  force  is  almost  zero. 


The  Stranski-Krastanov  growth  mode  is  observed.  First  a 
pseudomorphic  Ge  layer  of  1,2  nm  thickness  forms,  then 
islands  in  the  form  of  truncated  tetrahedra,  bounded  by  { 111 ) 
planes  grow  pseudomorphically  up  to  a  height  of  30  nm.  It  is 
only  then,  at  a  thickness  of  »  2S  times  the  one  given  by  the 
mechanical  equilibrium  model,  when  the  first  dislocations 
appear.  Transmission  electron  microscopy  reveals,  that  in  a 
first,  obviously  transient,  stage  dislocation  segments  are  nucle¬ 
ated  at  the  comers  of  the  islands.  A  later  stage  consists  of  a 
combination  of  perfect  and  partial  dislocations  at  the  interface, 
whose  configuration  is  analyzed.  It  can  easiest  be  explained  by 
the  assumption  of  an  initial  glide  process  on  a  {110}  plane. 
This  assumption  is  corroborated  by  the  observation  that  the 
misfit  dislocations,  once  a  continuous  epilayer  is  formed,  lie 
along  <01(^  directions  at  the  interface  instead  of  <11 0>  direc¬ 
tions  as  expected  when  (111)  glide  is  activated. 


INTRINSIC  AND  IMPURITY  POINT  DEFECT  AGGREGATION 
IN  SI  CRYSTAL  PULLING 
V.V.  Voronkov 

Institute  of  Rare  Metals,  Moscow,  Russia 


The  modem  dislocation-free  silicon  crystals  are  known  to 
contain  grown-in  microdefects  of  different  types.  At  low 
enough  growth  rate  V  or  high  enough  axial  temperature  gradi¬ 
ent  G  the  so  called  swirl  defects  (A-  and  B-  swirls)  are  formed. 
These  microdefects  disappear  at  high  enough  ratio  V/G  and 
quite  different  type  of  microdefects  appears  instead.  This  fea¬ 
ture  is  common  for  pure  float  zone  silicon  and  for  Czochralski- 
grown  crystals  containing  large  amount  of  oxygen  impurity, 
though  the  concentration  and  size  of  microdefects  are  different 
for  the  two  growth  techniques.  This  phenomenon  as  well  as 
many  other  peculiar  features  of  microdefect  formation  can  be 
explained  by  the  model  of  selfinterstitials  and  vacancies  coex¬ 
isting  in  equilibrium  relation  at  high  temperature  close  to  crys¬ 
tallization.  point.  The  annihilation,  diffrision  and  thermal  drift 
of  the  two  kinds  of  intrinsic  point  defects  result  in  survival  of 
only  one  kind,  the  kind  and  concentration  of  the  survived 
defects  being  the  function  of  V/G  only.  The  self-interstitials 


survive  if  V/G  is  less  than  some  threshold  ratio,  and  vacancies 
otherwise.  The  subsequent  aggregation  of  survived  point 
defects  can  be  strongly  influenced  by  impurities,  and  still  is 
critically  dependent  on  the  kind  of  intrinsic  defects.  Particu¬ 
larly  for  vacancy  mode  of  crystal  growth  the  vacancy  aggrega¬ 
tion  in  very  pure  crystals  should  proceed  in  the  form  of  voids. 
However  even  small  concentration  of  fast  diffusing  impurity  or 
high  enough  concentration  of  slowly  diffusing  impurity  (oxy- 
gen)  would  change  the  mode  of  aggregation  to  formation  of 
joint  aggregates  of  vacancies  and  impurity  atoms.  The  aggre¬ 
gates  (microdefects)  should  be  in  fact  the  small  particles  of 
impurity  phase  (dioxide  for  Czochralski  grown  crystals).  The 
joint  vacancy  impurity  aggregation  is  stimulated  by  the  rela¬ 
tively  low  interface  energy  for  silicon-particle  boundary  as 
compared  to  silicon-void  boundary.  The  estimates  of 
micTodefect  concentration  both  for  selfinterstitial  and  vacancy 
modes  of  growth  are  in  accordance  with  observed  values. 
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RECENT  ADVANCES  IN  BULK  CRYSTAL  GROWTH  FROM  THE  VAPOUR 
E.  Kcddis  and  M.  Piechotka 

Laboratorium  fUr  Festkoiperphysik  ETH,  CH-8093  Ziirich,  Switzerland 


Large  single  crystals  grown  from  the  vapour  are  important 
as  substrates  of  thin  layers  of  compoimds  which  melt  incongru- 
ently,  decompose  or  have  phase  transitions  at  temperatures 
lower  than  their  melting  point.  A  good  candidate  for  substrates 
of  IR-sensidve  layers  seems  CdTe  which  grown  from  the 
Viqx)ur  showed  already  many  years  ago  superior  i^ysical  prop¬ 
erties.  Also  for  compounds  with  very  complex  properties 
(chemical,  physical  or  mechanical)  for  which  it  is  very  difficult 
to  grow  thin  layers,  vapour  growth  of  large  single  crystals  is 
very  attractive.  Good  examples  ate  a-Hgl2,  a  very  promising 
material  for  x-  and  y-ray  room  temperature  detectors,  as  well  as 
n-VI  compounds.  As  we  will  discuss,  all  these  crystals  have 
been  grown  recently  in  unexpectedly  large  dimensions  and 
masses  (Hgl2:  EG&G  and  ETC  >  SOOg;  CdS:  ELMA,  Russia 
up  to  12(X)g). 

A  systematic  investigation  of  the  vapour  growth  mechanism 
of  large  single  crystals  of  a-Hgl2  aitd  their  characterization  has 
been  performed  recently  in  our  laboratory  and  will  be  dis¬ 
cussed  in  detail.  Some  of  the  highlights  result  from  the  high 
anisotropy  of  this  layer  structure,  which  leads  to  five  times 
higher  thermal  conductivity  in  the  a-planes  than  in  the  vertical 
direction  ( |  |  c-axis).  With  increasing  size  of  the  crystals  the 


heat  conduction  (strongly  dqtendent  on  the  orientation  of  the 
nucleus  on  the  glass  substrate)  deceases  and,  therefore,  die 
actual  supersaturadon  on  the  vfqxnir-solid  interface  also 
decreases.  This  effect  leads  to  decrease  of  the  supersaturadon 
with  dme.  However,  we  have  found  that  for  large  crystals  at 
zero  growth  rate  still  an  apparent  undercooling  of  AT  =  10  K  is 
necessary  although  no  heat  of  condensadon  is  evolved.  This 
induced  the  idea  that  radiadve  heat  transport  takes  place  from 
the  hot  parts  of  the  furnace  to  the  growing  crystal.  Consider- 
adon  of  small  heat  conducdon  and  radiadve  headng  led  to  the 
theoredcal  esdmadon  of  the  condidons  for  growth  stop  (AA. 
Chernov  et  al).  This  effect  has  been  studied  in  detail  also  by 
numerical  modeling  of  the  thermal  field  of  the  furnace  (A. 
Roux  et  al.).  A  consequence  of  the  above  growth  stop  is  die 
need  of  a  "continuous"  increase  of  supersaturadon  in  order  to 
grow  large  crystals.  With  digital  technology  temperature  con¬ 
trollers  this  is,  however  only  stqiwise  possible.  Vfith  steps 
^.l‘C  siriadons  are  formed.  O.OrC  steps  are  currenUy  invesd- 
gated.  The  formadon  of  striadons  and  other  extended  defects 
decrease  the  lifetime  of  holes  and,  therefore,  the  quality  of  the 
detectors.  The  characterizadon  of  sudi  defects  will  be  dis¬ 
cussed. 


PURinCATION  AND  GROWTH  OF  BaFBr  AND  IDENTIFICATION  OF  RADIATION-PRODUCED 
ELECTRON  AND  HOLE  CENTERS  IN  OXYGEN-CONTAINING  BaFBr 
Raymond  S.  Eachus,  W.  Gordon  McDugle,  Robert  HD.  Nuttall  and  Myra  T.  Olm 
Corporate  Research  Laboratories,  Eastman  Kodak  Company 
Rochester,  New  York  14650-2021  USA 
F.K.  Koschnick,  Th.  Hangleiter  and  J-M.  Spaeth 
University  of  Paderbom,  Fachbeteich  Physik 
Warburger  Str.  100, 4790  Paderbom,  Federal  Republic  of  Germany 


Oxide  impurities  are  pervasive  in  alkali  and  alkaline  earth 
halides  and  mediate  radiation  damage  in  these  materials.  Oxide 
may  substitute  for  halide  or  may  be  incorporated  interstitially 
and  function  as  a  coulomb  trap  for  excitons  or  mobile  H  or  Vj; 
centers.  Oxide  centers  in  BaFBr  may  be  effectively  removed 
by  treating  molten  BaFBr  with  ultrapure  Brz  gas  and  selec¬ 
tively  reintroduced  by  doping  with  anhydrous  BaO.  The  O' 
center  formed  by  the  reaction  of  O^'  with  mobile  Br2,VK  cen¬ 
ters  in  x-irradiated  BaFBr  is  long  lived  at  room  temperature 
and  has  been  detected  by  EPR  below  30  K  and  unambigously 


identified  using  Ba'^O.  The  formation  of  F(Br  )  centers  at 
charge  compensating  bromide  ion  vacancies  accompanies  the 
radiation-induced  production  of  O'.  BaFBr  is  a  wide  band  gq> 
solid  (8.7  eV).  The  oxide  impurity  introduces  a  mid-gq>  state 
having  a  new  optical  absoiption  at  about  2S0  nm.  Iiradiation 
with  uv  light  photoionizes  O^  and  the  charge  compensating 
Br'  vacancies  trap  the  photoelectrons  producing  stable  F(Br') 
cotters.  An  ENDOR  study  of  Bridgman  grown  doped  single 
crystals  has  further  identified  the  O'  center  as  Op-,  an  oxide 
anion  substituted  at  a  fluoride  site. 
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THE  GROWTH  OF  Ag  DOPED  KBrj  CRYSTALS  USING  COUPLED 
VIBRATIONAL  STIRRING 
R.C.  De  Malta  and  RS.  Feigelson 
Center  for  Materials  Research.  105  McCullough  Building 
Stanford  University,  Stanford,  CA  9430S-404S 


The  Coupled  ^^brational  Stirring  (CVS)  technique  was 
developed  for  stirring  melts  during  crystal  growth  in  sealed 
crucibles;  particularly  those  used  in  die  vertical  Bridgman  and 
gradient  fit^ze  techniques^^l  The  stirring  is  accomplished  by 
moving  the  vertical  axis  of  the  crucible  around  a  circular  path 
without  rotating  the  crucible  and  mixing  in  the  melt  is  accom¬ 
plished  in  much  shorter  times  than  is  possible  with  other  tech¬ 
niques  such  as  accelerated  crucible  rotation  (ACRT).  CVS  was 
recently  applied  to  the  growth  of  lead  bromide  doped  with 
silver. 

Lead  bromide  is  an  potentially  important  material  for  qipli- 
cations  in  acousto-optic  and  opto-electronic  devices.^^^  PhBr2 
possesses  a  number  of  favorable  acousto-optic  properties 
including  optical  transmission  range,  photo-elastic  coefficient, 
acousto-optic  figure  of  merit,  acoustic  velocity  and  acoustic 
attenuation.  Its  mechanical  properties  allow  lead  bromide  to  be 
easily  fabricated  into  devices.  On  the  negative  side,  PbBrj 
single  crystals  are  difficult  to  grow  due  to  cracking  caused  by  a 
phase  transition  below  the  melting  point  The  addition  of  dop- 
atus  such  as  silver  can  eliminate  the  cracking  due  to  this  transi¬ 
tion,  but  such  dopants  can  lead  to  optical  inhomogeneity  due  to 
inhomogeneous  incorporation  of  the  dopant  These  dopant 
Lnhomogeneities  can  arise  due  thermal-sohital  convection. 


CVS  widi  its  strong  mixing  action  can  provide  well  stirred 
melts  with  uniform  dopant  concentrations  which  will  eliminate 
any  effects  fiom  thermal-solutal  convectiott  In  systems  with  a 
distribution  coefficient  of  less  than  1,  the  dopant  concentration 
will  increase  along  the  length  of  the  crystal.  However,  widi 
CVS.  this  will  be  a  smooth  and  predictable  increase  and,  in  the 
case  of  lead  bromide,  will  yield  useful  optical  material. 

Results  fiom  the  growth  of  Ag  doped  PbBr2  crystals  will  be 
presented  cotiqraring  the  effect  of  CVS  on  the  temperature 
gradient  during  growth,  the  growtii  rate,  the  crystal  quality  and 
the  dopant  distribution  to  those  obtained  without  CVS.  Com¬ 
parisons  will  be  made  with  the  expected  results. 


1.  W.-S.  Uu.  M.F.  Wolf.  D.  Elwell  and  R.S.  Feigelson,  J. 
Crystal  Growth,  82  (1987)  589. 

2.  N.fi.  Singh  and  M.E.  Glicksman,  Mat.  Letters,  5  (1987) 
453. 

3.  NJB.  Singh.  M.  Gottlieb.  R.  Hopkins  and  R.  Mazelsky, 
J. Crystal  Growth,  87  (1988)  113. 

4.  N£.  Singh  ei  al..  ACCG-8,  Vail,  CO  1990. 

This  worir  was  supported  by  the  National  Science  Foundation 
(DMR-9008399-A1)  and  the  NSF-MRL  program. 


PREaSE  MEASUREMENTS  OF  THE  MASS  TRANSPORT  RATE  OF  MERCURIC 
IODIDE  IN  THE  VAPOUR  PHASE 
M.  Piechoika  and  E.  Kaldis 
Laboratorium  fitr  Festkfirperphysik,  ETH  HOnggerberg 
CH-8093  Zurich,  Switzerland. 


Precise  measurements  of  the  transport  rate  are  inqrortam  in 
vapour  growth  of  crystals  for  several  reasons;  (a)  to  check  the 
theoretical  models  of  the  vtqxrur  transport,  (b)  to  assess  possi¬ 
ble  convective  contributions,  especially  in  the  systems,  in 
which  they  can  be  neither  predicted  nor  excluded  by  the  thtery, 
(c)  to  evaluate  the  kinetic  behaviour  of  various  starting  matoi- 
als  for  crystal  growth.  All  the  methods  used  up  to  now  suffered 
from  an  unsatisfactory  accuracy  and  a  low  time  resolution 
(measurements  of  transients  not  possible).  The  new  method, 
which  we  have  developed,  does  not  have  these  disadvantages, 
fit  this  method,  the  velocity  of  an  evqxtrating  interface  is  mea¬ 
sured  with  a  high  resolution  linear  CCD  anay.  The  continuous 
monitoring  of  the  interface  allows  for  quick  in  situ  measure¬ 
ments  of  the  changes  in  the  transport  rate  upon  temperature  so 
that  a  complete  relationship  between  the  flux  artd  undercooling 
can  be  automatically  measured  for  a  given  material  within  a 
ctMjple  of  days. 


Based  on  this  method,  an  apparatus  for  a  micropavity 
experiment  aboard  the  Space  Shuttle  has  been  built  by 
Oerlikon-Contraves  AG,  Switzerland.  The  following  perfor¬ 
mance  characteristics  have  been  achieved:  (a)  temperature  con¬ 
trol  of  1450.0:3  K  in  all  of  the  four  separately  controlled 
heating  zones,  (b)  resolution  of  the  linear  (XD  array  ±l)im 
within  the  view  field  of  15  mnu  Measurements  with  mercuric 
iodide  showed  a  strong  dependence  of  the  transport  rate  on  the 
purity  and  stoichiometry  of  the  rruterial  (differences  up  to 
order  of  magi  Jtude).  Small  differences  in  the  transport  rate  also 
occur  upon  changing  the  position  of  the  ampoule  with  re^rect 
to  the  gravity  vector  indicating  for  tire  first  time,  that  even  in 
the  systems  under  low  pressure  (estimated  below  1  Torr)  con¬ 
vection  might  contribute  to  the  overall  mass  transpon  rate. 
These  results  will  be  discussed  in  detail. 
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THERMO-CONVECnVE  EFFECTS  DURING  VAPOR-PHASE  GROWTH  OF 
MERCUROUS  CHLORIDE  CRYSTALS 
M.E.  Glicksman,  C.T.  Kim,  O.C.  Jones  and  IT.  Un 
Materials  Science  and  Engineering 
Rensselaer  Polytechnic  Institute,  Troy,  New  Yorit  12180 


Mercurous  chloride  (Hg2Cl2)  has  gained  considerable  inter¬ 
est  as  an  acousto-optic  nuterial,  -  one  used  as  model  system  for 
the  study  of  thermo-convective  effects  during  vapor-crystal 
growth.  Thermal  convection  occurs  because  single  oystals  of 
mercurous  chloride  are  grown  by  PVT  (physical  vapor  trans¬ 
port)  in  closed  ampoules  in  a  two-zone  furnace.  The  convec¬ 
tion  flow  pattern,  caused  by  the  temperature  gradients,  must  be 


fully  urulerstood  for  optimal  design  and  irrqrrovement  of  the 
crystal  growth  reactors.  In  this  study,  a  reliable  and  accurate 
LDV  (laser  Dealer  velocimetry)  technique  is  employed  to 
obtain  detailed  information  on  the  vqxrr-phase  fluid  djmamics 
during  crystal  growth.  The  relation  between  the  fluid  dynamics 
and  crystal  growth  kinetics  will  also  be  discussed. 


MORPHOLOGY  AND  CHARACTERIZATION  OF  SOLUTION  GROWN 
MERCURIC  IODIDE  CRYSTALS 
K.  Baskar  and  P.  Ramasamy 
Crystal  Growth  Centre,  Anna  University,  Madras,  India 


Mercuric  iodide  is  a  wide  bandg^  semiconductor  having 
high  atomic  number.  These  properties  enable  the  material  to 
operate  at  room  temperature  as  a  nuclear  detector.  The  single 
crystals  of  mercuric  iodide  could  be  grown  from  solution  and 
vapour  techniques.  In  the  present  investigation  the  authors 
have  grown  single  crystals  of  mercuric  iodide  from  solution 
using  a  protic-aprotic  mixed  system;  dimethyle  sulphoxide  and 
water  as  solvent.  Plate  Uke,  prismatic  and  octahe^al  crystab 
are  obtained  depending  on  the  weight  fractions  of  DMSO- 
H2O.  The  Hartman’s  theory  of  periodic  bond  chain  is  applied 
to  undersumd  the  morphology.  The  existence  of  geometrical 
resemblance  between  5H2O  and  HgLi  tetrahedra  and  its  influ¬ 
ence  over  the  morphology  are  discussed. 


The  photoconductivity  measurements  over  die  wavelength 
range  400  -  700nm  under  d.c  voltage  are  carried  out  The  high 
energy  region  3.09  to  234eV,  peak  region  234  to  2.07eV  and 
weakly  absorbed  region  2.07  to  1.77eV  independent  of  apidied 
voltage  are  explained  by  the  generation  and  trapping  of  charge 
carriers.  The  photoconductivity  and  photohuninescence  have 
revealed  die  trapping  of  impurities  in  crystal  lattice  of  mercuric 
iodide  during  crystalisadon  from  solution.  The  stoichiometry 
of  mercuric  iodide  crystals  is  estimated  by  wet  diemical  analy¬ 
sis.  The  chemical  etching  riiows  that  dislocation  density  of 
mercuric  iodide  crystals  varies  from  10^  - 10^  cm^.  The  hard¬ 
ness,  anisotropy  of  hardness  and  creqiing  in  mercuric  iodide 
crystals  are  explained  in  terms  of  bond  strengths. 
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CHARACTERIZATION  OP  TRAPPING  LEVELS  IN  SOLUTION  GROWN 
AND  PCG  MERCURIC  IODIDE  SINGLE  CRYSTALS 
T.  Pal,  SL.  Sharma,  HU.  Acharya 
Department  of  Physics,  IXT.  KharagpuT-721302,  India 


Red  mercuric  iodide  is  one  of  the  most  suitable  detector 
materials  for  x-  and  y-ray  spectroscopy.  The  performance  of 
this  material  as  a  detector  is,  however,  limited  by  carrier  trap¬ 
ping.  Efforts  are  on  to  characterize  the  concerned  trapping 
levels  by  various  optoelectronic  measurements.  Being  the  most 
simple,  thermally  stimulated  currem  (TSC)  investigations  are 
preferred  to  other  measurements.  Recently,  Mohammed- 
Brahim  [1]  carried  out  TSC  measurements  on  a-Hglj  crystals 
and  concluded  that  the  peak  at  170K  holds  a  direct  bond  with 
the  improvement  in  the  performance  of  a-Hgl2  detectors.  Pres¬ 
ent  work  aims  at  determining  the  trrqtping  levels  in  a-H^2 
crystals  grown  in  our  laboratory  from  (a)  DMSO-MeOH  -  Hgl2 
solution,  (b)  Tetrahydrofuran  -  Hgl2  solution  and  (c)  polymer 
controlled  growth  (PCG)  in  vapour  phase.  Cortunetcial  grade 
a-Hgl2  was  purifred  through-repeated  sublimation  to  get  the 
starting  materials  in  each  crystal  growing  process.  The  band 
gap  energy,  obtained  from  photocoirductivity  and  optical 
absorption  studies,  is  2.13  eV  for  PCG  crystals  and  2.13  eV  for 
solution  grown  crystals.  TSC  specta  were  recorded  for  all  the 
diree  types  of  crystals.  The  solution  grown  crystals  exhibit  six 


to  eight  peaks  with  no  highly  dominating  peak.  The  PCG  crys¬ 
tals,  however,  show  a  very  strong  peak  at  170K  along  with 
three  other  weak  peaks.  Clearly,  PCG  crystals  are  of  much 
siq>erior  quali^  tium  the  solution  grown  crystals  for  detector 
fabrication.  Our  values  of  energies,  cross-sections  and  die  den¬ 
sities  of  the  trapping  levels  agree  well  with  those  of  Moham- 
med-Brahim  [1]  and  Whited  et  al.  [2].  Relative  low  peak  height 
at  170K  for  solution  grown  crystals  may  be  due  to  pre-treat¬ 
ments  (cleaving,  etching,  polishing  etc.)  of  these  crystals.  The 
peaks  at  2S3K  and  271  are  similar  to  the  observation  of 
Mohanuned-Brahim  [1]  which  m^  be  due  to  the  lack  of 
iodine.  Efforts  are  being  made  to  further  investigate  the  effects 
of  various  parameters  on  the  trapping  levels.  Photon  stimulated 
current  (PSC)  studies  are  also  being  carried  out  on  these  oys- 
tals  to  confirm  the  PSC  results. 


{1]T.  Mohammed-Brahim  et  aL  Phys.  Stai.  Sol.(a)  79  (1983) 
71. 

t2]  R.C.  Whited  et  al.  IEEE  Trans.  Nucl.  Sci  NS-24  (1977)  165. 


CHARACTERIZATION  OF  MODIFIED  PYROCHLORES  CsMFeF(  (MsMn,Co;Zn) 

KS.  R<yu  and  BM.  WanJdyn* 

Dqrartment  of  Crystallography  and  Biophysics 
Uruversity  of  Madras,  Guindy  Campus,  Madras  600  023,  India 
^Clarendon  Laboratory,  University  of  Oxford,  Oxford,  England 


The  flux  grown  single  crystals  of  pyrochlores  (CsMnFeFs, 
CsCoFeFs,  CsZnFeFg)  have  been  characterized  employir^ 
powder  x-ray  diffraction.  Infra-red  absorption.  Energy  disper¬ 
sive  x-ray  analysis  (EDAX)  studies  reveal  that  and  Mossbauer 
studies.  X-ray  (fiSraction  CsMrrFeg,  CsCoFeF^  and  CsZnFeFs 
are  iso-structural,  belonging  to  face  centred  cubic,  having  lat¬ 
tice  parameters,  a,  10.342(3),  10.429(4)  and  10.409(7)A 
respectively.  This  variation  in  cell  dimensions  indicates  that 
these  mainly  ocair  due  to  atontic  size  factor  (Mn=0.91A, 
Co=0.82A  and  Zn=0.83A).  The  characteristic  absorption  peaks 
relating  to  (FeFs)^  are  evidenced  by  the  presence  of  pe^  at 


253,  374  and  around  300  cm'^  in  the  IR  absorption  spectra  of 
CsMnFeFfi,  CsCoFeFs  and  CsZnFeFs  samples.  The  EDAX 
studies  establish  the  presence  of  the  elemental  constituents  (Cs, 
Mn,  Co,  Zn,  Fe)  in  their  respective  samples  and  the  atomic 
weight  percentages  of  CsMmFe,  Cs:Co:Fe  and  Cs:Zn:Fe  are 
found  to  be  approximately  1:1:1.  The  room  temperature  Moss¬ 
bauer  spectra  of  powdered  samples  exhibit  almost  die  same 
isomer  and  quadrupole  shifts  meaning  almost  identical  envi¬ 
ronment  for  the  iron  state  and  tiiat  iron  ions  are  in  high-spin 
ferric  state,  in  paramagnetic  phase. 
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GROWTH  OF  SOME  V-Vl-VH  GROUP  COMPOUNDS  FROM  VAPOUR 
R.  Ganesha,  D.  Arivuoli  and  P.  Ramasamy 
Crystal  Growth  Centre,  Anna  University,  Madras  600  025  India 


The  discovery  of  fOToelectiicity  ir  has  stimulated 
large  interest  Though  there  are  many  repoiis  on  SbSI  and  its 
type  compounds,  less  attention  has  been  devoted  to  the  growth 
and  characterisation  of  oxyhalides  of  antimony,  bismuth  and 
arsenic.  Crystals  of  SbOI,  BiOS,  BiOCI  and  AsOI  have  been 
successfully  grown  from  vapour.  These  crystals  show  platelet 
morphology  at  low  supersaturadon.  The  SbOI  crystals  belong 
to  the  very  rare  class  of  pure  fenoelasdc  crystals,  while  the 
BiOCl  and  BiOI  crystalline  platelets  are  strongly  anisotropic 
semiconductors  with  bandg^  3.455  eV  and  1.89  eV  respec- 
dvely.  The  BiOCl  platelets  are  highly  transparent  while  BiOI 
platelets  exhibit  mirror  like  faces  with  metallic  lustre.  The 
interesting  mori^ological  features  of  these  crystals  are  studied 
by  opdcal  and  scaiming  electron  microscopy.  The  layered 
structure  observed  plays  an  important  role  in  deciding  their 
characterisdc  physical  properdes.  The  complex  growth  spiral 
observed  throws  light  on  the  growth  mechanism  by  screw  dis¬ 
location.  The  opdcal  interferogram  studies  reveal  that  the  steps 


are  not  monoatomic  but  are  muldples  of  Burger’s  vector.  Large 
size  (25mm  x  15mm  x  8mm  crystals  of  BiSel  have  been  grown 
from  vapour.  The  platelets  usually  show  (1 10)  faces.  Chemical 
etchants  revealed  pyrairudal  etch  pits  aitd  the  stuqje  of  the  etch 
pits  depends  on  the  etchant  used.  Surface  features  have  been 
analysed  using  scanning  electron  microscopy. 

Dielectric  studies  of  BiSel  showed  a  new  phase  transidon  at 
410  K.  The  crystals  have  been  further  diaracterised  by  XPS, 
DSC  and  TGA.  From  the  XPS  analysis  the  chenucal  shifts  of 
the  constituent  elements  in  all  the  compounds  have  been  calcu¬ 
lated  by  estimating  the  percentage  ionicity  of  the  chemical 
bonds  using  the  Pauling’s  electronegativity  data.  From  the 
DSC  data,  the  change  of  enthalpies  of  AH  of  the  observed 
phase  transitions  have  been  calculated.  The  variation  of  spe¬ 
cific  heat  with  temperature  is  discussed.  The  dissociation 
schemes  of  the  compounds  have  been  proposed  using  the  TGA 
data. 


AUTOMATED  PULLING  FROM  THE  MELT  -  THE  EFFECTIVE  METHOD  OF 
GROWING  LARGE  ALKAU  HALIDE  SINGLE  CRYSTALS  FOR  OPTICAL 
AND  SCINTILLA'nON  APPUCATIONS 
L.G.  Eiddman,  V.I.  Goriletsky,  V.G.  Protsenko.A.V.  Radkevich  and  V.V.  Trofimenko 
Institute  for  Single  Crystals.  Kharkov,  Ukraine 


Successful  development  of  the  automated  pulling  method 
(Crystal  Res.  and  Technol.,  20  (1985)  167)  made  it  possible  to 
pull  from  melt  large  alkali  halide  single  crystals  up  to  600  mm 
in  diameter  and  over  400  kg.  Previously  such  size  crystals 
could  be  grown  only  by  Stockbarger  techruque  which  has  some 
disadvantages  as  compared  to  the  pulling  method.  Automation 
of  the  method  under  consideration  is  ensured  by  the  heater 
temperature  control  in  response  to  the  signal  from  the  electric 
contact  melt-level  sensor.  In  fact  this  sensor  allows  to  measure 
either  the  deviation  of  the  mass  growth  rate  from  a  preset  value 
or  the  area  of  the  crystal  cross  section  (i.e.  the  crystal  diameter) 
on  the  level  of  the  melt  surface.  In  the  former  case  with  a 
constant  pulling  rate  slight  deviations  of  the  growing  crystal 
diameter  from  a  preset  value  can  take  place  due  to  the  changes 
in  the  solid-liquid  interface  shape.  In  the  latter  case  better 
stability  of  the  growing  crystal  diameter  can  be  achieved,  pre¬ 
cise  crystal  diameter  values  being  obtained  by  means  of  peri¬ 
odic  fast  lifting  of  the  growing  crystal  on  a  certain  small 


distance  (e.g.  1  mm)  with  subsequent  measurement  of  the  cor- 
responding  value  of  the  melt  level  drop. 

'The  developed  growth  furnace  allows  to  perform  two  types 
of  growth:  with  simultaneous  feeding  of  starting  material  into 
the  melt  (the  crystal  diameter  being  maximum  500  nun)  and 
without  feeding  (maximum  dia.  -  600  mm).  In  terms  of  the 
impurity  distribution  in  the  growing  crystal  the  first  type  is 
similar  to  zone  melting,  therefore  a  uniform  distribution  of  the 
dopant  in  this  type  can  be  easily  achieved  using  the  methods 
applied  for  zone  melting  [this  is  especially  important  for  large 
scintillators  made  of  doped  crystals  like  Nal(Tl),  CsI(Tl)  and 
CsI(Na)].  The  second  type  allows  to  carry  out  an  additional 
purification  of  raw  material  directly  prior  to  the  growth  process 
i.e.  to  promote  an  intensive  evaporation  of  impurities  from 
large  area  of  the  superheated  melt  surface  by  pumping  out  the 
growth  furnace  (with  this  method  used,  highly  IR  transparent 
large  optical  KCl  single  crystals  have  been  obtained). 
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CONVECTIVE  INSTABIUTIES  IN  MELT  GROWTH  CONnGURATIONS 

Georg  Midler 

Institut  fOr  WeikstoffwissenschSften.  UnivenitJit-Erlangen-NUmberg  (FRG) 


One  of  the  most  important  goals  in  the  growth  of  bulk 
crystals  is  to  achieve  uniform  material  properties  (both  elec¬ 
tronic,  optical  and  medianical),  i.e.  uniform  composition.  Sta¬ 
ble  growth  conditions  especially  with  respea  to  the  growth  rate 
are  an  unalterable  prerequisite  for  that  In  melt  growth  this 
requirement  means  a  steady  heat  Iran^rt  to  and  aw^  from 
the  interface,  as  the  growth  rate  is  generally  controlled  by  heat 
transfer. 

From  the  above  we  can  deduce  that  any  convective  instabil¬ 
ity  in  melt  growth  configurations  is  deleterious  for  the  growth 
of  semiconductor  crystals,  oxides,  etc.  It  creates  so-called 
“growth-striations,"  a  term  wldch  is  generally  used  for  any 
compositiotul  fluctuations  of  a  crystal  in  the  microscale. 

A  profound  knowledge  of  the  origins  of  convective  instal^- 
ity  in  the  various  melt  growth  configurations  is  necessary,  in 
order  to  avoid  its  occurrence  diuing  the  growth  process. 

In  this  work  we  stiufy  the  hydrodynamic  phenomena  caus¬ 
ing  convective  instability  and  its  relation  to  the  formation  of 
striations  by  experimental  means  and  theoretical  analysis  of  the 
moving  growth  interface. 

The  evidence  of  convective  instability  in  melt  growth  con¬ 
figurations  is  treated  in  more  detail.  Different  methods  for  the 


detection  of  unsteady  flows  are  discussed  and  illustrated  by 
various  examples. 

^fisual  observation  of  flow  instabilities  is  possible  in  trans¬ 
parent  melts  and  fay  X-rays  with  intransparent  ones.  The  analy¬ 
sis  of  convection-induced  tenq>eratuTe  fluctuations  in  the  melt 
gives  special  insight  iiuo  turbulent  flow  states. 

A  new  method  is  presented  which  allows  for  the  detection 
of  unsteady  flows  in  semiconductor  and  metal  melts  by  means 
of  a  magnetohydrodynamic  effect  A  static  magnetic  field  of 
certain  strengdi  is  used  to  induce  a  weak  magnetic  field  being 
strongly  correlated  to  the  flow.  This  induced  field  is  detected 

magnetometer  probes  outside  die  melt 

Finally  it  is  discussed  how  the  occurrence  of  convective 
instability  can  be  avoided  in  the  various  melt  growth  configu¬ 
rations.  The  dependence  of  the  transition  to  flow  instability 
bam  geometrical  and  thermal  boundary  condidons  is  studied 
experimentally  and  by  numerical  modelling,  as  well  as  the 
influence  of  gravi^.  The  most  extensive  discussion  is  devoted 
to  the  applicadtsi  of  stadc  magnedc  fields  to  damp  unsteady 
flows  in  electrically  conducting  melts.  Examples  of  experimen¬ 
tal  results  and  numerical  modelling  are  given  for  the  most 
important  melt  growth  configuradons  -  Bridgman.  Zrme  Melt¬ 
ing,  Czochralski.  LEG  and  Qoadng  zone  teclmiques. 
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IN  SITU  OBSERVATION  OF  INTERFACE  KINETICS  AND  FLOW  DYNAMICS 

Katsuo  Tsukamoto 

Faculty  of  Science,  Tohoku  University 
Aramaki  Aoba,  Sendai  980,  Japan 


Since  crystal  growth/dissolution  involves  many  unknown 
processes,  it  is  necessary  to  investigate  from  different  aspects 
and  in  different  environments.  The  tool  which  we  have  chosen 
for  the  experimental  investigation  is  in  situ  observation  by 
optical  methods.  This  is  because  the  solution  and  crystals  are 
mostly  transparent  to  visible  light 

Among  varieties  of  interesting  topics,  we  have  first  selected 
the  kinetics  of  growth  steps  on  crystals  grown  in  aqueous 
solution.  The  monomolecular  growth  steps  can  be  visualized 
by  i^ase  sensitive  microscopy.  The  growth  rate  from  individ¬ 
ual  growth  hillocks  can  be  measured  in  less  than  ten  seconds 
by  means  of  interferometry.  It  was  found  that  die  activity  of 
growth  hillocks  depends  on  the  solution  flow  speed,  siqietsatu- 
ration  and  the  character  of  dislocadons.  The  growth  and  disso¬ 
lution  surfaces  of  dislocation-free  Ba(N03)2  crystals  were  also 
investigated.  There  are  two  types  of  nucleation,  one  of  which  is 
probably  due  to  microdefects  generated  from  tiny  crystals  or 
impurities  which  are  transported  from  the  bulk  solution  to  the 
crystal  surface.  This  nucleation  takes  place  at  very  low  super¬ 
saturation  and  is  largely  influenced  by  flow  dynamics. 

So  far  it  was  assumed  that  the  envirorunent  is  time  station¬ 
ary  when  the  crystal  growth  mechanism  is  analyzed.  However, 
the  environment  is  always  fluctuating,  mainly  because  of  con¬ 


vection.  Li  the  case  of  solution  growth  the  solutal  convecticm 
plays  a  more  dominant  role  dian  diermal  convectioiL  Li  order 
to  understand  the  effect  of  flow  on  the  surface  kinetics,  the 
flow  dynamics  around  a  crystal  was  investigated  ly  interfer¬ 
ometry  or  by  other  in  situ  mediods.  It  was  found  that  the 
fluctuation  of  solutal  convection  is  responsible  for  die  growdi 
rate  fluctuation  even  in  the  regime  of  surface-controlled 
kinetics. 

In  order  to  obtain  an  extreme  condition  in  which  convection 
could  be  suppressed,  and  thus  reducing  the  fiuctuation  in  envi¬ 
ronment,  in  situ  observation  of  crystal  growdi  in  microgravity 
was  performed  using  a  Japanese  TR-IA  rocket.  Because  of  an 
accidentally  introduced  small  gas  bubble  (l.Smm,  diameter), 
Marangoni  convection  developed  around  the  bubble  whidi 
was  situated  very  close  to  the  seed  crystal.  The  intnacticm 
between  die  concentration  field  around  the  crystal  and  the 
Marangoni  convection  was  first  visualized,  leading  to  instabil¬ 
ity  in  the  Marangoni  convection.  It  was  also  found  that  the 
growth  rate  in  microgravity  in  the  presence  of  a  small  gas 
bubble  is  very  close  to  die  growth  rate  in  gravity  and  is  much 
larger  than  die  value  when  diffusion  controlled  growth  is 
assumed. 
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NON-EQUIUBRIUM  PHASE  TRANSFORMATIONS  IN  TWO  COMPONENT  SYSTEMS 

Kenneth  A.  Jackson 
University  of  Aiizona 
George  H.  Gilmer 
AT&T  Bell  Laboratories 
Dmitri  E.  TemJdn 

Research  Institute  of  Ferrous  Metallurgy,  Moscow 


We  have  been  performing  computer  simulations  of  the 
growth  process  in  two  component  systems.  In  our  model, 
which  is  formally  in  the  spin-1  Ising  universality  class,  an 
interface  moves  though  an  array  containing  a  rartdom  distribu¬ 
tion  of  two  different  species  of  atom.  Transition  probabilities  at 
the  interface  are  based  on  bond  energies  which  are  calculated 
from  the  thermodynamic  properties  of  the  system.  Tlie  growth 
process  is  simulated  using  Monte  Carlo  methods  in  which  the 
atoms  jump  onto  and  off  the  crystal  depending  on  their  local 
bond  conffguration.  The  atoms  in  the  liquid  can  also  inter¬ 
change  sites. 

When  the  diffusion  jump  rate  is  fast  compared  to  the 
growth  rate,  we  find  that  the  phase  transformation  is  governed 
by  the  difference  between  the  chemical  potentials  of  the  com¬ 
ponents  in  the  two  phases,  so  that,  as  the  system  approaches 
equilibrium  its  behavior  is  described  by  classical  thermody- 
ruimics.  However,  in  the  diffiisionless  limit,  when  the  atoms 
can  jump  on  and  off  the  crystal  but  carmot  interchange  posi¬ 
tions,  we  find  that  equilibrium  occurs  when  the  total  free  ener¬ 
gies  of  the  two  phases  are  equal.  In  this  limit,  there  is  no 
segregation  associated  with  the  passage  of  the  interface.  We 
find  that  the  k-value  in  the  transition  between  these  two 
regimes  depends  on  the  dimensionless  parameter  av^/Dv\ 
where  a  is  the  interatomic  distance,  v  is  the  growth  rate,  D  is 


the  diffusion  coefficient,  and  v*^  is  the  rate  at  which  atoms  join 
the  crystal  at  a  repeatable  step  site.  This  dqrendence  of  the 
k-value  in  the  transition  region  was  previously  reported  by 
D.E.Temkin[l]. 

We  have  been  able  to  rqoroduce  the  spatial  distribution  of 
bismuth  atoms  in  silicon  which  has  been  observed  following 
laser  melting  of  bismuth-ion-implanted  siliccm  [2].  In  these 
experiments,  the  interfacial  k-value  was  two  orders  of  magni¬ 
tude  greater  than  the  ecpiilibrium  k-value.  The  velocity  depen¬ 
dence  of  the  k-value  found  in  these  experiments  is  in  accord 
with  the  velocity  dqrendence  described  above  which  we  found 
in  our  simulations.  These  simulations  permit  us  to  explore  a 
regime,  which  has  previously  been  identified  experimentally, 
in  which  the  crystallization  behavior  of  a  two  component  sys¬ 
tem  is  significantly  different  from  classical  behavior  based  on 
equilibrium  thermo^namics. 


1.  D.E.  Temkin,  Sov.  Phys.  -  Crystallography,  17  (1972)  405. 

2.  P.  Baeri,  JM.  Poate,  S.U.  Campisano,  G.  Fod,  E.  Rimini 
and  A.G.  Cullis,  Appl.  Phys.  Utt.  37  (1980)  912. 

3.  C.W.  White,  S.R.  Wilson,  B.R.  Appleton  and  F.W.  Young, 
Jr.,  J.  Appl.  Phys.  51  (1980)  738. 
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A  NEW  MODEL  OF  EFFECTIVE  SEGREGATION  COEFFICIENT* 
A.G.  Ostrogorsky 

Columbia  University,  New  York.  N.Y.  10027,  USA 
G.MUller 

Werkstoffwissenchaften  VI,  Universit&t  Erlangen-NOmberg,  Germany 


A  model  of  the  effective  segregation  coefficient  k«ff, 
accounting  for  convective  mass  transport  at  the  growth  inter¬ 
face  is  presented.  The  model  provides  a  simple  relation 
between  the  effective  segregation  coefficient  k^ff  and:  i)  the 
real  physical  thickness  of  the  solute  layer  Sq,  ii)  the  convective 
velocity  Vq  relevant  for  removing  the  solute  from  the  region  of 
the  advancing  interface,  iii)  material  parameters  and  iv)  growth 
rateR. 

Using  the  established  analytical  results  of  boundary  layer 
analysis,  Sq  and  Vq  were  determined  for  several  important 
crystal  growth  configurations.  For  crystal  growth  by  the 
Czochralski  method,  a  good  agreement  is  obtained  between  the 
model  and  the  data  in  the  literature.  Without  any  parameter 
adjustment,  the  model  predictions  agree  weU  with  the  data 
obtained  by  Burton  et  al.  [1]  in  the  classical  experiments  used 
to  fit  the  Burton,  Prim  and  Slichter  (BPS)  model  by  the  trail 
and  error  procedure.  The  agreement  is  even  better  with  the  data 
obtained  by  Bridgets  [2],  both  for  k<l  and  k>l,  (see  the  fig.) 

The  model  provides  a  critoion  for  the  maximum  convec¬ 
tive  velocity  in  the  solute  layer,  which  allows  diffusion-con- 
trolled  segregation.  The  criterion  is  used  to  explain  some  of  the 
segregation  data  obtained  in  rrucrogravity,  which  were  not  well 
understood  in  terms  of  the  existing  models. 

[1]  JA.  Burton,  E.D.  Kolb,  W.P.  Slichter  and  J.D.  Struthers,  J. 

Chemical  Physics  21  (1953)  1991-1996. 

[2]  H.E.  Bridgets,  J.  Applied  Physics  27,  (1956)  686. 

*Supported  by  the  Alexander  von  Humboldt  Foundation. 
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RELEVANCE  OF  SURFACE  ROUGHENING  AND  MELTING  FOR  CRYSTAL  GROWTH 

JJP.  van  der  Eerden 

Laboratory  of  Interfaces  and  Themuxfynamics 
Padualaan  8, 3584CH  Utrecht,  The  Netherlands 


In  the  last  several  years  a  lot  of  progress  has  been  made  in 
our  fundamental  understanding  of  surface  roughening  and  sur¬ 
face  melting.  It  has  been  established  that  surface  roughening  is 
determined  by  the  vanishing  of  the  edge  free  energy  above  the 
roughening  temperature  and  surface  melting  by  the  vanishing 
of  the  surface  shear  inodulus  above  the  surface  melting  temper¬ 
ature. 

By  now  there  exist  a  large  number  of  atomic  models  in 
which  these  phenomena  can  be  demonstrated  and  calculated. 
Surface  roughening  has  been  introduced  in  the  Kossel  model, 
which  is  (as  a  simple  cubic  lattice  model  with  nearest  neighbor 
interactions  only)  quite  inaccurate  for  the  description  of  a  real 
crystaL  Surface  melting  has  been  established  for  a  Lennard- 
Jones  oystal  model,  which  is  a  reasonable  model  for  noble  gas 
crystals  and  other  crystals  with  effectively  spherical  building 
units  (e.g.  C  CXt  and  C^q  above  their  oidcal  temperature  for 
free  molecular  rotation  in  the  crystal).  A  problem  with  the  L-J 
model  is  that  surface  roughening  and  surface  melting  occur  as 
coupled  transitions. 

Also  in  experimental  systems  phenomena  related  to  surface 
phase  transitions  have  been  observed  in  many  cases.  Just 
below  the  melting  point  surface  disorder  has  been  observed  on 
metal  surfaces  by  ion  or  small  angle  X-ray  scattering  and 
enhanced  surface  mobility  by  inelastic  neutron  scattering.  Such 
experiments  are  interpreted  as  indications  for  surface  melting. 


Morphological  observations  are  used  to  detect  surface 
roughening. 

In  my  contribution  I  will  show  that  these  frmdamental 
notions  do  have  impact  on  practical  crystal  growth  situations. 
At  low  temperatures  pure  crystals  are  faceted,  grow  slowly,  are 
very  sensitive  to  traces  of  impurities  (growth  is  easily  blocked 
and  macrostqrs  formed)  and  gradients  in  the  mother  phase 
(hydrodynamics  and  temperature  gradients)  have  relatively  lit¬ 
tle  influence  on  the  growth  mode. 

Surface  roughening  changes  e.g.  the  growth  form  (decrease 
of  anisotropy),  the  growth  rate  (increase  of  kinetic  coeffi¬ 
cients),  the  sensitivity  for  impurities  (smaUer  decrease  in 
growth  rate  but  more  incorporation)  and  the  moqiiological 
instability  (easier  transition  to  dendritic  and  cellular  growth 
modes). 

If  surface  melting  occurs  at  temperatures  above  the  rough- 
erung  point  then  it  enhances  the  effects  of  roughetung.  If  it 
occurs  below  the  proper  roughening  point  then  it  may  induce 
surface  roughetung.  In  such  a  case  roughening  may  qrpear  as  a 
first  order  phase  transition  and  the  roughening  effects  men¬ 
tioned  above  occur  in  a  narrow  temperature  interval.  And  if 
surface  melting  does  not  induce  surface  roughetung  then  still 
the  kinetic  coefficients  are  expected  to  increase  considerably 
and  the  blodking  effects  of  some  trace  impurities  will  decrease. 


KEVETICAL  ROUGHENING  AND  ROUGHENING  TRANSITION  IN 
ODD-NUMBERED  NORMAL  ALKANES 
Xumg-Yang  Uu  and  P.  Bennema 
Laboratory  of  Solid  State  Chemistry  Utuversity  of  Nijmegen 
The  Netherlands 


A  way  to  estimate  the  critical  supersaturation  of  the 
kinetical  roughening  in  cotmection  with  thermal  roughetung 
will  be  described.  To  that  extent,  the  step  free  energy  and  its 
critical  behaviour  around  the  roughening  transition  for  the 
(110)  faces  of  odd-numbered  paraffin  t^stals  will  be 
explored.  We  have  to  consider  the  shape  of  the  two  dimen¬ 
sional  nuclei.  The  relation  between  and  P*’  and  is 

adapted  with  a  shqre  and  arusotropy  factor  for  the  interaction 
of  the  building  units.  This  relation  is  applied  to  the  growth  of 
(110)  faces  of  n-C2iH44  and  other  n-para£fins  growing  from 
Tj-hexane  solutions.  In  doing  so,  a  newly  found  “rough-flat- 
rough”  transition  and  besides  the  bulk  supersaturation,  also  the 
mass  and  heat  transfer  are  taken  into  account.  Thus  the  edge 
free  energy  y,  the  order  parameter,  is  deduced  from  the  experi¬ 
mental  results.  We  find  that  y  does  not  depend  on  the  tempera¬ 


ture  T  when  T  <  T'  (T'  the  roughening  transition  temperature), 
and  suddenly  vanishes  at  T'  and  that  the  edge  firee  energies, 
which  are  almost  equal  to  the  edge  energies,  give  values  which 
are  four  to  five  times  smaller  than  expected  from  the  equivalent 
wetting  condition.  Uiese  results  suggest  that  the  steps  on  the 
surfaces  are  very  straight.  The  (110)  faces  at  the  critical  point 
b^ave  much  more  similar  to  a  first  order  phase  transition  than 
to  the  infinite  order  roughening  transition,  suggesting  a  cou¬ 
pling  between  roughening  and  surface  melting.  We  find  that 
ordering  of  fluid  units  at  the  interface  plays  a  substantial  role  in 
the  interaction  between  solid  and  fluid  phase. 

Finally,  the  relation  between  the  critical  sunersaturation  P*’ 
turns  out,  in  agreement  with  our  experimental  results,  to  be 
weakly  dependent  on  the  carbon  number  n  for  large  n. 
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COMPUTER  SIMULATION  OF  MOLECULAR  UQUIDS  ON  CRYSTAL  SURFACES 
TA.  Cherepanova  ondA.V.  Stekolnkov 
Centre  of  Microelectronics,  Latvian  Academy  of  Sciences 
19  Turgenev  Street,  Riga,  Latvian  Republic 


We  present  the  survey  of  statistical  mechanical  theories  of 
the  surface  phenomena  such  as  wetting  and  pre-wetting,  phase 
transitions  in  liquids  on  crystal  surfaces,  in  absorbed  films, 
particularly,  in  surfactant  films.  These  can  play  an  essential 
role  for  the  problems  of  crystal  morphology  and  kinetics  of 
ciystal  growth.  We  shall  focuse  our  attention  on  molecular 
liquids  (from  dimer  to  chain  molecules)  to  understand,  among 
others,  the  influence  of  chain-molecule  flexibility  on  the  effects 
under  consideration.  Another  important  point  is  the  relief  of 
crystal  faces  to  atomic  scale  and  the  peculiarity  of  the  above 
mentioned  phenomena  on  such  surfaces.  The  long  and  short- 
range  order  parameter  functions  at  the  crystal-vapour  and  crys¬ 
tal-liquid  interfaces  will  be  analyzed,  which  give  a  variety  of 
ordered  structures. 

Crystal-vapour  interface,  (i)  In-plane  translational  ordering 
(herringbone  structure,  etc.);  (ii)  orientational  freezing  of  mole¬ 
cules  end-grafted  to  the  crystal  surface;  (iii)  locahzed-mobile 
monolayer  transitions. 


Crystal-melt  interface,  (i)  Complete  wetting  by  nematic 
phase,  so  that  the  thickness  of  nematic  film  between  the  crystal 
and  isotropic  liquid  increases  logarithmically  when  the  temper¬ 
ature  tends  to  the  bulk  nemadc-isotropic  liquid  transition  tem¬ 
perature,  (ii)  Incompleio  wetting  by  smectic  phase.  Only  the 
finite  number  of  smectic  molecular  layos  appears  on  the  crys¬ 
tal  surface  when  the  temperature  tends  to  the  bulk  isotropic 
liquid-smectic  phase  transition  temperature.  Layering  transi¬ 
tions  are  discontinuous,  (iii)  Orientational  effect  induced  by 
corrugation  of  crystal  surfaces  on  the  adjacent  liquid  layers  and 
equivalent  wetting  conditions. 

Surfactants  at  the  crystal-vapour  and  crystal -liquid  inter¬ 
face*^  The  formation  of  surfactant  films  even  in  the  case  of 
extremely  low  surfactant  concentration  in  bulk  phases,  (i)  Con¬ 
formational  ai,d  orientational  transitions  in  liquid  surfactant 
films,  (ii)  Layering  transitions  in  surfactant  films  and  formation 
of  multilayer  patterns,  (iii)  The  role  of  crystal  surface  as  a 
hetrogeneous  catalisator  of  amphiphUc  aggregation. 


MAPPING  OF  CRYSTAL  GROWTH  ONTO  THE  6- VERTEX  MODEL: 
GROWTH  MODE  AND  SURFACE  ROUGHNESS 
Miroslav  Kotrla  and  Andrea  C.  Levi 
Universita  di  Genova,  Dipartimento  di  Fisica,  Viale  Dodecaneso  33 
16146  Genova,  Italy 


Two  models  of  crystal  growth  are  developed  and  solved 
using  the  6-vcrtex  model  of  statistical  mechanics,  onto  which 
two  different  mqrpings  rre  considered.  One  mapping  estab¬ 
lishes  a  direct  correspondence  between  surface  steps  and  the 
lines  occurring  in  the  line  representation  of  the  vertex  model; 
the  other  mappnng  is  that  of  van  Beijeren.  These  two  mqipings 
correspond  to  two  different  physical  situations:  a  vicinal  sur¬ 
face  near  the  (100)  surface  of  a  simple  cubic  crystal,  and  the 
(100)  surface  of  a  bcc  crystal  (together  with  its  vicinal  sur¬ 
faces)  respectively.  Master  equations  are  written  for  finite-size 
versions  of  the  models,  and  solved  either  analytically  (for 
extremely  small  sizes),  or  by  Monte  Carlo  simulation,  using 
Glauber’s  rules  for  the  probabilities  of  the  various  processes 
relevant  for  growth,  evaporation  and  diffusion. 


In  the  case  of  the  first  model,  the  qrpnoach  of  finite-size 
samples  to  the  thermodynamic  limit  is  accompanied  by  a  char¬ 
acteristic  change  of  the  growth  rate,  which  aprproaches  its  N  — » 
<»  value  as  N*^:  the  significance  of  this  behaviour  is  discussed. 

The  second  model,  on  the  other  hand,  depiends  explicitly  on 
tempierature  T  and  supiersaturation  Apt:  as  a  function  of  these 
parameters,  the  growth  mode  changes.  Moreover,  the  structure 
of  the  surface  also  depiends  on  T  and  Apt.  It  is  shown  that, 
contrary  to  the  equilibrium  case,  the  surface  is  rough  at  all 
tempieratures.  However  the  nature  of  the  roughness  also 
changes:  in  particular,  at  high  tempieratures,  the  roughne-ss  is 
logarithmic  if  Apt  is  small,  but  a  cross  over  takes  place  to  a 
piower-law  behaviour  when  Apt  increases.  The  significance  of 
these  different  kinds  of  roughness  is  discussed  in  terms  of 
stochastic  differential  equations. 
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SESSION  2B 


GROWTH  OF  LARGE  SIZE  KNbOj  CRYSTALS  AND  EPITAXIAL 
LAYERS  OF  KTai.xNbxOj 
J.  HuUiger,  R.  Gutmann  and  H.  Wiiest 
Institute  of  Quantum  Electronics,  ETH-Hbnggerberg,  CH-8093  2^ch 


Potassium  niobate  (KNb03)  is  one  of  today’s  most  promis¬ 
ing  nonlinear  optical,  electro-opdcal  and  photorefractive  oxide 
crystals.  Growth  of  quality  bulk  material  uses  an  [110]  oriented 
seed  and  pulling  along  [110]  will  result  in  a  morphology  show¬ 
ing  flat  (100)  faces  and  a  non-faceted,  arbitrarily  shtqred 
bounds  perpendicular  to  them.  Non-optimized  growth  attempts 
produce  preferentially  a  plate-like  morphology.  Growth  of 
large  size  samples  became  now  possible  and  resulted  in  a  first 
100  g  crack-free  crystal  (Fig.  1)  of  the  typical  morphology,  but 
20  nun  thick  along  the  [100]  direcdon. 

One  thin  layer  technology  for  KNb03  based  on  He'*^ 
implantation  resulted  in  2-d  as  well  as  1-d  optical  waveguides 
[1,2].  Similarly,  liquid  phase  epitaxy  (LPE)  of  the  solide  solu¬ 
tion  KTai.xNbx03  (KTN)  produced  pm  thick  waveguiding  lay¬ 
ers  (m3m,  mm4)  [3]  (Fig.  2).  LPE  of  pure  KNb03  (mm2)  on 
e.g.  KTa03  (m3m)  is  prohibitive  because  of  a  serious  lattice 


Figure  1.  A  first  100  g  KNbOs  single  cristal  (thickness:  20  mm). 


mismatch.  Even  the  growth  of  a  KTN  mm4  phase  on  KTa03 
showed  lattice  relaxation  defects  that  could  be  reduced  to  a 
minimum  by  LPE  of  Ki.yNayTai.jjNb,03  [4]. 

The  lecture  will  shortly  summarize  the  state  of  the  art  of 
KNbOs  bulk  growth,  review  general  work  on  ABO3  epitaxy, 
but  concentrate  on  KTN  growth  of  lattice  matched  layers  atxi 
their  characterization. 


Figure  2.  Ferroelectric  KTN  (x  =  0.46)  layer  grown  on  a  (100)  KTaOj 
substrate  (layer  thickness  38  fim). 


1.  T.  Bremer,  E.  KrStzig  et  al.,  Ferroelectrics  Lett,  9  (1988)  H. 

2.  D.  Fluck,  P.  Gtinter,  R.  Irmscher  and  Ch.  Buchal,  Appl. 
Phys.  Lett,  59(25)  (1991)  3213. 

3.  R.  Gutmann  and  I.  HuUiger,  Cryst.  Prop.  Prep.  32  (1991) 
117. 

4.  R.  Gutmaiui,  I.  HuUiger  and  E.  Reusser,  J.  Cryst.  Growth 
(to  he  submitted). 
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DEFECT  STRUCTURE  IN  TRANSITION  METAL  IONS  DOKD 
PHOTOREFRACnVE  KNbO,  CRYSTALS 
Xiaoyan  Ma  and  Deihong  Shot 
R^eaich  Institute  of  Synthetic  Ciystals 
P.O.  Box  733.  Beijing  100018,  P.R.  Chine 


The  exaa  nature  of  the  miciDscopic  centera  in  KNbOs  crys¬ 
tal  responsible  for  the  photorefractive  effect,  is  not  very  clear. 
The  defects  introduced  by  doping  with  transition  metal  ions  in 
the  crystal,  play  an  important  role  in  the  photorefractive  effect. 

KNbOs  single  crystals  doped  with  Pe,  Co,  Ni,  Cu.  V.  Cr 
were  grown  by  top-seeded  solution  growth.  Li  order  to  under¬ 
stand  the  nature  (charge  state,  local  symmetry,  and  electroiuc 
structure)  of  the  defects^purities  present  in  these  crystals,  we 
have  carried  out  electron  paramagnetic  resonance  (EPR), 
photo-EPR,  and  optical  absorption  measurements  on  a  variety 
of  KNb03  samples  doped  with  transition  metal  ions.  Extensive 


EPR  measurements  as  a  function  of  tenqxralure  on  single  crys¬ 
tal  artd  polycrystal  sarrqdes  are  givem  We  describe  our  EPR 
results  for  various  oxidation-reduction  conditions.  From  these 
measurements,  we  are  able  to  estaUish  a  relative  energy  scale 
for  the  positions  of  tiie  various  durge  states  of  tiie  transition 
metal  dopants  in  the  bandgap  of  KNbOs.  In  tiie  ftiioto-EPR 
measurements,  tiie  diange  in  the  dharge  state  of  a  paramagnetic 
dopant  under  illumination  is  monitored.  Measurements  of  die 
steady-state  photo-EPR  response  as  a  function  of  wavelengtii, 
intensity,  and  tenqierature  have  also  been  carried  out 


ELECTRIC  FIELD  POLING  OF  POTASSIUM  NIOBATE  CRYSTALS 
Richard  H.  Jarman  and  Barry  C.  Johnson 
Amoco  Technology  Conqiany 
P.O.  Box  3011,  Naperville,  IL  60S63 


A  critical  step  in  the  fabrication  of  potassium  niobate  crys¬ 
tals  for  nonlinear  optical  applications  is  the  removal  of  the 
ferroelectric  domains  that  are  introduced  during  cooling 
through  the  phase  transitions  after  growth.  IVFcally  tiiis  is 
performed  by  application  of  a  large  dectric  field  at  a  tenqien- 
tuie  somewhat  below  the  orthorhombic  -  tetragonal  itiiase  tran¬ 
sition  at  225*C.  We  report  on  several  aspects  of  this  process, 
paying  particular  attention  to  the  electrical  properties  of  the 
material.  We  find  tiiat  the  electrical  conductivity  of  potassium 
niobate  exhilnts  complex  dqiendencies  on  time  and  qiplied 


field  as  well  as  temperature.  Different  portions  of  the  same 
crystal  can  also  d^play  widely  different  behavior;  whidi  we 
attribute,  at  least  in  part,  to  the  significam  role  tiiat  impurity 
ions  play  in  determiniiig  die  electrical  properties.  We  find  tiiat, 
to  a  large  degree,  die  electrical  conductivity  of  the  material  is 
diagnostic  of  the  optical  quality  of  the  poled  piece.  We  also 
address  die  issue  of  incomplete  domain  removal,  Le..  situations 
in  which  domain  boundaries  qipear  to  be  immobile  under  the 
applied  field,  which  can  severely  affect  the  yield  of  optk^l 
quali^  material 
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GROWTH  AND  CHARACTERIZATION  OP  OFF-CONGRUENT  LiNbOa  SINGLE 
CRYSTALS  GROWN  BY  DOUBLE  CRUCIBLE  METHOD 
Yasunori  Fwrukawa,  Masayoshi  Sato.  Kenji  Kitamura*.  Fumio  Nitanda  and  Kohei  Ito 
Magnetic  and  Electronic  Materials  Research  Laboratoiy, 

Hitachi  Metals.  Ltd.  Mikajiri  Kumagaya,  Saitama  360  Japan 
^National  Institute  for  Research  in  Inorganic  Materials. 

Namiki.  Tsukuba,  Ibaragi  30S  Jq>an 


LiNb03  single  crystals  available  commercially  are  grown 
from  the  melt  of  the  congruent  composition  by  the  conven¬ 
tional  Czochralski  technique.  They  generally  have  good  optical 
quality  and  uniform  birefringence,  although  they  contam  many 
Li  vacancies.  The  stoichiometric  composition  is  expected  to  be 
superior  because  its  greater  birefringence  and  fewer  non- 
stoichiometric  defects  by  decreasing  the  Li  vacancies.  Recently 
it  was  reported  that  lithium-rich  LiNb03  fabricated  by  vrqror 
transport  equilibration  has  high  optical  quality  [1].  It  has  been 
reported  that  either  MgO  doping  or  reducing  the  amount  of 
transition  metals  in  the  crystal  improves  the  optical  damage 
threshold  [2].  but  it  is  not  certain  whether  the  Li  vacancies  will 
influence  the  optical  damage. 

In  this  study,  we  grew  off-congruent  LiNb03  single  crystals 
by  the  double  crucible  method  in  order  to  coiUrol  the  composi¬ 
tion  variations  of  crystal,  and  to  investigate  the  optical  damage 
properties. 

The  crystal  compositions  were  characterized  by  the  mea¬ 
surement  of  the  non  critical  chase  matching  temperature  of 


SHG  from  1.064pm.  The  phase  matching  temperature 
increases  linearly  with  the  Li/Nb  ratio  and  the  slope  is 
173*C/mol%.  The  composition  variation  throughout  the  crystal 
grown  by  the  double  crucible  method  was  measured  to  be 
within  0.03S  mol%.  Further  improvement  is  expected  for  better 
control  of  the  starting  composition. 

No  remarkable  improvement  has  been  observed  in  the  opti¬ 
cal  damagethreshold  by  varying  the  U/Nb  ratio.  Moreover,  the 
optical  damage  threshold  of  the  stoichiometric  crystal  is  unex¬ 
pectedly  lower  than  that  of  the  congruent  composition.  How¬ 
ever.  at  this  stage,  we  can’t  conclude  that  there  is  a  relationsh^ 
between  the  optical  damage  threshold  artd  nonstoichiomelric 
defects.  The  microscopic  crystal  line  defects  in  off-congruent 
crystals  have  been  observed  by  the  X-ray  topography  and  rodc- 
ing  curves. 

1)  D.H.  Jundt  et  al..  IEEE  J.  Quantum  Electron.  26  (1990) 

135. 

2)  Y.  Fuiukawa  et  al..  J.  Crystal  Growth  99  (1990)  832. 


STOICHIOMETRIC  LiNbO,  SINGLE  CRYSTAL  GROWTH  BY  DOUBLE  CRUCIBLE 
CZOCHRALSKI  METHOD  USING  AUTOMATIC  POWDER  SUPPLY  SYSTEM 
K.  KUamura,  JJC.  Yamamoto,  N.  lyi  and  S.  Kimura 
National  Institute  for  Research  in  Inorganic  Materials 
1-1,  Nantild,  Tsulcuba,  Ibarald,  305  Japan 
T.  Hayashi 

ASGAL  Co.  Ltd.,  5-5  Tokodai,  Tsukuba.  Ibarald,  305  Jtq>an 


Stoichiometric  LiNb03  single  crystals  above  2  inches  in 
diameter  and  100  mm  in  length  were  grown  by  the  Czochralsld 
method  using  a  double  crucible  and  automatic  powder  supply 
system  as  shown  by  a  right  figure.  The  crystals  were  grown 
from  a  Li-rich  melt  (LijO  60  mol  %)  in  the  inner  crucible,  and 
the  stoichiometric  LiNb03  powder  was  supplied  smoothly  and 
continuously  to  the  outer  melt  The  powder  supply  rate  could 
be  controlled  within  a  range  of  1  g/hr  to  40  g/hr.  The  accuracy 
of  the  supply  rate  depended  on  the  powder  conditions,  frt  this 
study,  coarse  grained  powder  of  the  stoichiometric  LN, 
obtained  by  enhanced  grain  growth,  produced  the  best  result 
From  the  lattice  parameter  and  Curie  temperature  measure¬ 
ments,  the  chemical  composition  (Li/Nb  ratio)  through  the 
grown  crystal  was  found  to  be  close  to  the  stoichiometric  com¬ 
position.  The  as-grown  ciystals  were  of  single  domain  except 
at  the  periphery.  From  a  comparison  of  the  transmittance 
between  stoichiometric  and  congruent  LiNb03  single  crystals, 
the  absorption  edge  wavelength  of  the  stoichiometric  crystal 
was  found  to  be  10  run  shorter  than  the  congruent  crystal.  The 
congruent  composition,  normally  used  by  the  ordinary 
Czochralski  method,  does  not  always  exhibit  the  suitable  prop¬ 
erties  for  the  applications.  Depending  on  the  i^lication,  some 
crystals  may  require  growth  under  stoichiometry  control  condi¬ 
tions.  It  is  expected  that  this  double  crucible  Czochralski 
method  can  he  effectively  applied  to  control  crystal  stoichiom¬ 


etry  during  growth  and  to  produce  uniformly  doped  single 
crystals  of  various  oxide  compositions. 


„  , ,  ...  Automatic  powder 

Double  crucible  supply  system 


1.  Load  cell  2.  Pi  tube  3.  Piezo-vibrator 
4.  Inner  crucible  5.  Outer  crucible 
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LiNbOj  SINGLE  CRYSTAL  GROWTH  FROM  U-RICH  MELTS  BY  THE  CONTINUOUS 
CHARGING  AND  DOUBLE  CRUCIBLE  CZOCHRALSKI  METHODS 
M.  Sakamoto*,  S.  Kan**,  Y.  Okano,  K.  Hoshikawa  and  T.  Fukuda 
Institute  for  Materials  Research 
Tohoku  Univ.,  Sendai.  980,  Jq>an 
Ltd.,  Toda-shi,  Saitama,  33S,  Jtpan 


Although  a  LiNb03  (LN)  single  crystal  with  a  congruent 
composition  is  widely  used  for  siuface  acoustic  devices,  opti¬ 
cal  properties  of  LN  crystals  with  incongruent  coit^Msitions 
such  as  a  stoichiometric  one  are  interested.  However,  it  is 
difficult  to  grow  uniform  LN  with  incongruent  compositions 
by  the  conventional  Czochralski  method,  because  the  crystal 
composition  changes  along  the  crystal  growth  direction  when 
the  melt  composition  is  different  from  congruent  one.  From  the 
view  point  of  the  Li/Nb  ratio  control,  the  continuous  charging 
Czochralski  (CC-CZ)  method’^  and  the  double  crucible 
Czochralski  (DC-CZ)  method  were  investigated  in  this  study. 
In  order  to  keep  the  melt  composition  constant,  LN  powder 
with  the  same  composition  and  amount  as  the  grown  crystal 
was  fed  to  the  melt  in  the  CC-CZ  method,  and  the  correspond¬ 
ing  melt  was  introduced  to  the  inner  crucible  from  the  outer 
crucible  in  the  DC-CZ  method.  Crystals  were  grown  by  an 
RF-heating  Czochralski  furnace  with  a  Pt  crucible  60  mm  in 


An  70  an  on  \n( 


Figure  1.  LN  crystal  grown  from  55  mol%  LilO. 


diameter  in  both  methods.  Diameter  of  a  Pt  partition  cylinder  in 
the  CC-CZ  method  and  a  Pt  inner  crucible  in  the  DC-CZ 
method  were  40  mm.  The  pulling  rate  was  1.0  mm/h,  and  the 
crystal  rotation  rate  was  10  tpm.  LN  crystals,  1  inch  in  diame¬ 
ter,  were  successfuUy  grown  from  Li-rich  (SS.O  ~  60.0  inol% 
LizO)  melts  (Kg.  1).  Measurements  of  the  extraordinary  retrac¬ 
tive  index,  ne.  by  the  prism  coupling  method  (Fig.  2)  and  the 
SHG  phase  matching  temperature  indicated  compositional  uni¬ 
formity  of  the  crystals.  It  is  noted  that  LN  crystals  with  ctmipo- 
sitional  unifoimiQ'  along  die  growth  direction  were  obtained 
by  these  methods. 


1)  S.  Kan,  M.  Sakamoto,  Y.  Okano,  K.  Hoshikawa  and  T. 
Fukuda,  submitted  to  J.  Crystal  Growth. 

^Present  address:  Nippon  Mining  Co..  Ltd.,  Toda-shi,  Saitama, 
335,  Japan. 

**Preseru  address:  Daiso  Co.,  Ltd.,  Amagasaki-shi,  Hyogo,  660, 
Japan. 
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Figure  2.  Extraordinary  refractive  index,  n,,  along  the  growth 
direction  (632.8  nm,  292  K). 


39 


PHYSICAL  PROPERTY  VARIATION  OF  MOLTEN  UTHIUM  NIOBATE  BY 
DOPING  WITH  MAGNESIUM  OXIDE 
Eiji  Tokaaki,  Kazutaka  Terastuma  and  Shigeyuki  Kimura 
KIMURA  METAMELT  Project 
ERATO,  Research  Developinent  Corporation  of  Japan 
Tsukuba  Research  Consortium.  Tokodai  S-9-9,  Tsukuba,  Ibarald,  300-26,  Jqnm 


LiNb03  single  crystals  are  the  most  promising  matenals  for 
the  use  in  optical  devices  because  of  its  excellent  pholorefrac- 
tive  and  electro-opdcal  properties.  The  large  diameter  crystals 
of  LiNb03  can  be  grown  by  the  Czochralsld  technique  without 
domains  and  subgrain  boundaries.  It  is,  however,  damaged  by 
laser  light  to  change  its  refractive  index.  This  tendency  is  detri¬ 
mental  to  plication  in  optical  devices.  The  doping  MgO  to 
molten  LiNb03  at  the  growing  process  was  reported  to 
improve  the  optical  properties  such  as  refractive  index  varia¬ 
tion  by  exposing  to  high  power  laser^’^^  But  the  doped  MgO 
inhomogeneously  distributes  in  the  boules^\ 

The  crystal  qualities  are  closely  related  to  the  melt  proper¬ 
ties  which  influence  the  convection  in  the  vicinity  of  the  crys¬ 
tal-melt  interface.  To  investigate  physical  properties  of  the  melt 
is  very  important  to  understand  the  crystal  quality  variation. 
Many  papers  reported  on  the  melt  properties  of  pure 
LiNb0344.6).  But  there  is  no  paper  on  that  of  MgO-doped 
LiNb03.  We  have  recognized  that  the  properties  of  molten  state 
is  closely  related  to  the  crystal  qualities  and  then  measured  the 
properties  of  molten  LiNb03  doped  with  MgO.  It  was  found 
that  the  physical  properties,  such  as  the  density,  the  surface 
tension  and  the  viscosity,  widely  varied  by  doping  with  MgO 
to  liNb03  melt.  The  densities  of  MgO-doped  LiNbOs  melts 
are  shown  in  figure  with  that  of  undoped  LiNb03  melL 

This  paper  reports  the  density,  surface  tension  and  viscosity 
of  molten  LiNb03  doped  with  MgO  up  to  5  mol%  at  the 
temperature  from  1300*C  to  14S0'C  measured  by  hydrostatic 
weiglung  method,  ring  method  and  on  the  basis  of  the  Stokes’ 
Law,  respectively*^  The  MgO-doping  effect  to  molten  LiNb03 
will  be  discussed. 


1)  Gi-Guo  22iong,  Jin  Jian  and  Zhong-Kang  Wu:  11th 
fritemational  Quantum  Electronics  Conference,  IEEE  cat 
No.  80  GH1561-0  (1980)  631. 

2)  DA.  Bryan.  R.  Geirson  and  H.E.  Tomachke:  Appl.  Pkys. 
Letters  44  (1984)  847. 

3)  Y.  Birukawa.  M.  Sato,  F.  Nitonda  and  K.  Ito:  J.  Crystal 
Gnwt/i99(1990)832. 

4)  JA.S.  Ikeda.  V.J.  Fratello  and  C.D.  Brandle:  J.  Crystal 
Growth  92  (1988)271. 

5)  K.  Shigematsu,  Y.  Anzai.  S.  Morita.  M.  Yamada.  H. 
Yokoyama:  Jqranese  J.  Applied  Phys:  26  (1987),  1988. 

6)  S.  Kara,  N.  Ikemiya,  K.  Ogino:  J.  Japan  Inst.  Metals,  S3 
(1989),  1148. 
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ADVANCES  IN  PREPARATION  OF  GaAs  AND  InP  CRYSTALS  BY  LEC  METHOD 

R.  Fomari 

MASPEC-CNR  Institute.  Via  Chiavari  18/A,  43100  Parma,  Italy 


The  quality  of  bulk  III-V  compounds  has  been  greatly 
improved  in  the  last  years.  This  essentially  depends  on  the  fact 
that  much  research  has  been  focused  on  the  understanding  of 
the  generation  mechanisms  of  the  most  common  crystallo¬ 
graphic  defects,  i.e.  dislocations,  microprecipitates,  grain 
boundaries  as  well  as  on  the  doping/composition  homogeneity 
and  electrical  properties  of  the  crystals.  These  efforts  have  led 
to  the  identification  of  some  crucial  growth  parameters  which 
play  an  important  role  in  genoation  of  crystallographic 
defects.  The  crystal  growers  have  understood  that  melt  stoichi¬ 
ometry,  thermal  gradients  and  thermal  instabilities  in  the 
growth  chamber  are  of  paramount  importance.  Consequently, 
the  growth  processes  have  been  modified  in  order  to  control 
accurately  the  temperature  stability  and  melt  composition.  For 
the  liquid  enctqrsulation  Czochralski  (LEC)  technique,  this  has 
meant  the  application  of  magnetic  fields,  multizone  heaters  and 
double-chamber  systems  with  controlled  atmosphere.  This 
double-chamber  version  of  the  Czochralski  puller  is  particu¬ 


larly  attractive  since  it  allows  the  growth  li  Oa\s  without  the 
use  of  the  encapsiilant  and  gives  the  oppc  *  i  ’  of  changing 
the  melt  composition  during  growth.  In  tire  case  of  InP  the 
encqrsulant  has  been  maintained  but  the  controlled  atmosphere 
(containing  P  vqxrr)  of  the  irmer  chamber  has  allowed  the 
pulling  under  very  bw  thermal  gradients  without  the  usual 
degradation  of  the  crystal  surface. 

This  isesentation  reviews  the  progress  made  in  crystal 
growth  of  large-diameter  m-V  crystals.  Some  emphasis  will 
also  be  placed  on  pre-  and  post-growth  treatments;  in  the  for¬ 
mer  case  these  essentially  consist  of  a  higher  degree  of  purifi¬ 
cation  of  the  raw  elements,  which  has  made  the  production  of 
semi-insulating  crystals,  either  undoped  (GaAs)  or  lightly 
doped  (InP),  possible.  The  post-growth  treatments  include,  for 
example,  thermal  atmealing,  which  is  now  routinely  carried  out 
on  SI  GaAs  in  order  to  homogenize  tire  deep  bvel  distribution 
arid  the  sheet  resistance  across  the  ingots. 


MLEK  CRYSTAL  GROWTH  OF  (100)  INDIUM  PHOSPHIDE 
David  F.  Bliss  and  Robert  M.  Hilton 
Rome  Laboratory,  Hanscom  Air  Force  Base,  Mass.,  01731 
Joseph  A.  Adamski 

Parke  Mathematical  Laboratories,  Carlisle,  Mass.,  01741 


Indium  Phosphide  bulk  crystal  growth  methods  have  been 
improved  recently  by  the  use  of  magnetic  field  stabilization  of 
the  melt  and  a  flat-top  shaping  techruque  to  reduce  the  inci¬ 
dence  of  twinning.  These  processing  improvements  affect  the 
crystal  properties  such  as  dopant  distribution  and  stress- 
induced  dislocation  density.  The  magnetically  stabilized  liquid 
encapsulated  Kyropoulos  (MLEK)  method  for  growth  of  InP  in 
the  (1(X))  direction  creates  a  highly  stable  enviromnent;  for 
crystal  growth  by  reduemg  turbulence  in  the  melt  Combining 
MLEK  with  magnetic  liquid  encapsulated  Czochralski 
(MLEK),  the  crystal  is  grown  with  a  flat  top  roughly  three 
inches  in  diameter,  and  then  slowly  pulled  as  a  cylinder  70  mm 
m  length.  Controlling  the  shape  of  the  growing  crystal  (defined 
by  its  aspect  ratio)  is  a  major  factor  in  preventing  twin  forma¬ 
tion.  There  are  several  advantages  for  MLEK  growth  of  twin- 
free  InP  crystals.  (1)  With  magnetic  stabilizatiort  it  is  possible 


to  control  the  shtqre  of  the  solid-liquid  interface.  Twm  nucle- 
ation  is  less  likely  when  a  convex  interface  is  maintained,  and 
it  appears  that  an  aspect  ratio  of  1 .6  is  sufficient  to  reduce  the 
probability  of  twinning,  altitough  this  may  not  be  the  optimized 
growth  condition.  (2)  The  MLEK  growth  environment  induces 
a  smaller  amount  of  themal  stress  than  non-magnetic  LEC. 
Since  the  growing  crystal  is  held  below  the  encapsulating  layer 
during  the  first  phase  of  growth,  the  axial  temperature  gradient 
in  the  crystal  is  low.  Controlling  the  thermal  environmertt  dur¬ 
ing  crystal  growth  is  critical  to  the  success  of  the  MLEK  pro¬ 
cess.  The  axial  magnetic  field  causes  an  increase  in  the  radial 
temperature  gradient,  and  increased  viscosity  in  the  melt.  The 
authors  have  mvestigated  the  effect  of  qrplied  magnetic  field 
on  dopant  distribution  and  dislocation  density.  The  results 
show  that  the  MLEK  growth  environment  favors  both  a  uni¬ 
form  dopant  distribution  as  well  as  uniform  dislocation  density. 
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A  THERMAL  STRESS  THEORY  OF  DISLOCATION  REDUCTION  IN  THE  VERTICAL 
GRADIENT  FREEZE  (VGF)  GROWTH  OF  GaAs 
AS.  Jordan^,  EM.  Monberg^  and  J£.  Clemons^ 

‘  AT&T  BeU  Laboratoiies,  Muiray  Hill  NJ  07974 
^Engineering  Research  Center  Princeton,  NJ  08540 


An  important  requirement  in  the  growth  of  semi-insulating 
(SI)  GaAs  boules,  for  high-speed  electronic  device  and  circuit 
applications,  is  the  reduction  of  the  dislocadon  density.  An 
advanced  method  to  produce  2  and  3  indi  diameter  undoped  SI 
wafers  with  low  defect  density  is  the  VGF  technique.  We  have 
formulated  a  tractable  model  of  the  VGF  process  providing 
dislocation  density  contour  lines  in  terms  of  geometrical  and 
physical  parameters.  Hrst,  the  temperature  distribution  in  a 
cylindrical  boule  has  been  determined  in  closed  form  (modi¬ 
fied  Bessel  functions  of  the  first  kind,  order  zero  (Iq)  in  the 
radial  and  sine  functions  in  the  axial  coordinate)  by  solving  the 
quasi-steady  state  partial  differential  equation  for  heat  conduc¬ 
tion  subject  to  suiuble  boundary  conditions.  Similar  to  our 
treatment  of  liqmd-encapsulated  Czochralsld  (LEC)  growtii, 
the  principal  thermoelastic  stress  components  have  been  evalu¬ 
ated  and  Aen  resolved  in  the  (111 ),  <1T0>  slip  system.  When¬ 
ever  the  resolved  shear  stress  components  exceed  the  critical 
resolved  shear  (CRSS)  dislocations  are  introduced  by  slip. 

We  present  dislocation  density  contour  rtuqis  for  2  and  3 
inch  diameter  undoped  (100)  GaAs  grown  by  VGF  under  a 
variety  of  linear  thermal  gradients  (v)  imposed  on  die  perqdiery 
of  the  boule.  We  show  that  for  large  v  the  dislocation  distribu¬ 
tion  is  similar  to  that  observed  in  LEC  material  By  lowering  v. 


dislocation  generation  is  siqrptessed  and  the  density  at  the  base 
of  the  crystal  is  insemitive  to  its  length.  Although  larger  diame¬ 
ter  crystals  contain  more  dislocations  at  the  periphety  than 
smaller  ones  (in  agreemem  with  etchpit  density  (EPD)  data)  at 
V  =  2Kycm  both  2  and  3  inch  diameter  wafers  become  virtually 
dislocation-fiee. 

Finally,  we  conqrare  dislocation  elimination  in  VGF  and 
LEC  grown  GaAs  on  the  3  inch  scale  employing  the  recent 
CRSS  data  of  Guruswamy  et  al.  obtained  at  elevated  tempera¬ 
tures  on  undoped  VGF  and  In-doped  LEC  specimens.  We  show 
tiiat  the  approximately  three-fold  increase  in  CRSS  with  In 
inhibits  defect  formation  in  (100)  LEC  wafers,  grown  in  a  high 
ambient  temperature  gradient,  across  ~7S%  of  the  diameter,  in 
accord  witii  the  EPD  data.  At  v  =  SK/cm  the  theoretical  results 
for  undoped  GaAs  grown  by  VGF  track  the  low  EPD  n  both 
tile  <100>  and  <110>  directions.  However,  tiie  fact  that  in 
some  locations  the  thermal  stress  theory  predicts  no  disloca¬ 
tions  while  *-1000  cm*^  are  counted  suggests  a  secondary 
mechanism  of  generation  which  may  be  vacancy  condensaticm 
into  dislocation  loops.  Therefore,  we  recommend  the  addition 
of  a  moderate  amount  of  In  (-2  x  10*®  cm'^)  in  VGF  to  fill 
vacant  Ga  sites  and  thus  prevent  condensation  into  loops. 
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LEC  GROWTH  OF  LARGE  GaAs  SINGLE  CRYSTALS 
M.  Shibata,  T.  Suzuki,  T.  Inada  and  S.  Kuma 
Advanced  Research  Center.  Hitachi  Cable,  Ltd. 

S-1-1  Hitaka-cho,  Hitachi-city,  Ibaraki  319-14,  Jqun 


Length  of  LEC  GaAs  crystals  has  been  limited  by  poly- 
crystalization  during  growth.  It  is  traditionally  said  growth  of  a 
single  crystal  is  difficult  when  the  shape  of  solid/liquid  inter¬ 
face  becomes  concave  toward  the  melt 

From  close  observation  of  dislocations  in  the  crystals,  exis¬ 
tence  of  dislocations  succeeding  perpendicular  lo  the  solid/liq¬ 
uid  interface  was  recognized.  These  perpendicular  succeeding 
dislocations  will  develop  toward  the  center  of  the  curvature  of 
the  concave  interface  and  accumulate  there.  The  accumulation 
will  finaUy  lead  to  polygonization  shown  in  Fig.  1.  However, 
we  caimot  avoid  the  concave  shape,  because  the  interface  usu¬ 
ally  tends  to  be  sigmoidal  shqre  that  is  partially  concave  in  real 
growth. 

Considering  that  a  simple  fact  that  dislocations  cannot  exist 
out  of  crystal,  the  position  of  the  accumulation  is  more  impor¬ 
tant;  in  the  crystal  or  out  of  the  crystal.  If  the  center  of  the 
curvature  locates  out  of  the  crystal,  the  dislocations  must  stop 
developing  at  the  surface  of  the  crystal  before  accumulation. 


Figure  I .  Polygonaation  area  in  a  (001)  KOH  etched  wafer. 


This  consideration  leads  to  a  new  index  D  shown  in  Fig.  2;  the 
distance  &om  the  crystal  surface  to  the  curvature  center.  The 
index  value  D  should  be  large  during  growth  for  a  single  crys¬ 
tal.  Hie  technology  to  bring  a  sufficient  interface  for  the  large 
index  value  have  been  built  up  by  the  adjustment  of  the 
heatflow  from  the  melt  to  the  crystal  in  a  tiiree  zone  furnace. 
Using  this  technology,  4  inch  single  crystals  with  320  mm 
length  and  6  inch  single  crystals  with  170  mm  length  have  been 
obtained. 


Figure  2.  Defitution  of  the  index  D. 
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HEAT  TRANSFER  DURING  GaAs  GROWTH  OF  BULK  SINGLE  CRYSTAL  BY  THE 
UQUID  ENCAPSULATED  VERTICAL  BRIDGMAN  TECHNIQUE 
Tomonari  Suzuki,  Yasunori  Okano,  Keigo  Hoshikawa  and  Tsuguo  Fukuda 
IMR,  Tohoku  University,  Sendai  980,  Japan 


The  liquid  enc{q)sulated  vertical  bridgman  (LE-VB)  tech¬ 
nique  is  one  of  the  attractive  tedmiques  for  growth  of  high 
quality  soni-insulating  GaAs  crystals  with  low  dislocation 
density*^ 

In  order  to  establish  the  optiinuin  furnace  design  arid 
growth  condition,  the  heat  transfer  in  melt,  crystal  and  thermal 
shields  during  single  ciystal  growth  of  GaAs  by  the  LE-VB 
technique  was  analyzed  by  the  finite  element  method.  As  ther¬ 
mal  boundary  conditions,  temperature  values  near  the  crucible 
monitored  by  thermocouples  in  an  actual  growth  system  were 
used.  A  growth  rate  and  a  latent  heat  of  solidification  were 
considered  in  the  boundary  condition  along  the  crystal/melt 
interface.  In  the  analysis,  thermal  conductivity  dqiendence  on 
crucible  materials  (quartz  and  carbon)  and  thermal  conductiv¬ 
ity  anisotropy  in  case  of  pBN  crucible  were  considered. 


In  this  analysis,  parameters  affecting  the  crystal/melt  inter¬ 
face  shape  which  is  one  of  the  most  important  factors  determin¬ 
ing  quality  of  the  grown  crystal  such  as  dislocation  density  are 
discussed.  It  was  pointed  out  that  the  thermal  conductivity  of 
the  crucible  including  anisotropy  significantly  affected  the 
interface  shape.  Especially,  heat  flow  behavior  around  conical 
part  of  the  pBN  was  different  from  those  of  the  quartz  aixi 
carbon  crucibles  because  of  the  anisotropy. 

In  order  to  control  the  interface  shape,  effects  of  tempera¬ 
ture  gradient  near  the  interface,  which  could  be  controlled 
change  of  thermal  shield  materials  around  the  crucible,  and 
growth  rate  on  the  interface  sh^ie  were  analyzed.  The  results 
obtained  by  die  numerical  analysis  were  compared  with  the 
results  by  experiments. 


1)  K.  Hoshikawa  et  al..  J.  Crystal  GrawtK  9^1989)  643. 
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CONSECUTIVE  THERMAL  COOLING  CYCLE  EFFECT  OF  UQUID-ENCAPSULATED-CZOCHRALSKI 
GaAs  CRYSTAL  GROWTH  ON  THE  CRYSTALLOGRAPHIC  UNIFORMITY 

YusuyiUd  Saito 

Microelectronics  Center  in  Tamagawa  Works  Toshiba  Coip. 

1,  Komukai  Toshiba-dio,  Saiwai-ku,  Kawasaki  210,  Jqran 


We  have  investigated  the  crystallographic  origin  of  the 
ununifonnity  related  to  the  threshold  voltage  (Vth)  scattering 
origin  of  Si-implanted  metal-semi-conductor  field-effect-tran¬ 
sistors  (MESFETs)  on  GaAs  liquid-encapsulated  Czochralski- 
technique  (LEC)  substrates.  Thus,  we  investigated  consecutive 
cooling  thermal  cycle  effect  of  LEC  GaAs  crystal  growth  on 
the  Vth  scatterings  of  Si-implanted  MESFETs  by  using  differ¬ 
ent  furnace  structures  as  shown  in  Fig.  l.[l,2] 

If  the  free-electron  carrier-depth  profile  of  the  MESFET 
channel  conductive  layer  is  constant,  the  Vth  of  the  profile  is 
related  to  resultant  occupation  ratio  of  Ga-site  Si  atom  concen¬ 
tration  [SicJ  to  As-site  Si  atom  concentration  [SiyvJ  for  the 
implanted  Si  atoms  of  the  profile  in  a  semi-insulating  (SI) 
GaAs  crystal.  The  occupation  ratio  [SioaKSi^J'^  is  sensitive  to 
bond  length  (Si-Ga,  Si-As,  Ga-As)  of  a  neighboring  GaAs 
crystal  cell  on  the  implanted-Si  atom  under  the  thermal  equilib¬ 
rium  condition  of  annealing  for  the  Si-implanted  GaAs  crystal. 


Furnace  Thermal  Condition  Concept 


For  example,  it  was  shown  [3]  that  the  occupation  ratio 
^  the  expanded  bond  of  the  GaAs  crystal 
thermal  strain  for  cap  aimealing  is  lower  than  that  of  the  non- 
expanded  bond  by  the  carrier-concentration-depth-profile  com¬ 
parison  by  the  cqracitance-voltage  method  such  as  shovm  in 
Fig.  2.  Thus,  the  crystal  uruformity  or  crystal  structural  charac¬ 
teristics  depending  on  tiie  consecutive  cooling  thermal  cycle 
together  with  the  melt  composition  has  been  analyzed.  We  will 
presem  the  experimoital  procedure  and  the  analyzed  result. 


[1]  Y.  Saito,  K.  Fukuda,  S.  Yasuami,  J.  Nishio,  S.  Yashiro,  S. 
Washizuka,  M.  Watanabe,  M.  Hirose,  Y.  Kitaura  and  N. 
Uchitomi,  Jpn.  J.  Appl.  Phys.  30,  (1991)  2432. 

[2] Y.  Saito  attd  S.  Washizuka,  Jpn.  PAT.  Application  Kokai 
S61-242995. 

[3]  Y.  Saito,  subnutted  to  J.  Appl.  Phys  (R0550, 1991). 
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GaSa  AND  CdTe  CRYSTAL  GROWTH  BY  THE  VZM  TECHNIQUE 
RL.  Herry,  P.EJl.  Nordquist  and  RJ.  Gorman 
Naval  Research  Ldwratory,  Washington,  DC  20375-5000 


The  Vertical  Zone  Melt  (V2M)  teclinique  has  been  applied 
to  the  single  crystal  growth  of  both  GaAs  and  CdTe.  For  both 
compounds,  a  pyrolytic  boron  nitride  crucible  and  a  (100)  ori¬ 
ented  seed  were  used  along  with  liquid  encapsulation  by  boric 
oxide.  In  the  case  of  GaAs,  the  ampoule  was  pressurized  with 
either  argon  or  arseruc  vapor  from  elemental  arseitic  at  pres¬ 
sures  ranging  from  1  to  2  atmospheres.  A  molten  zone  length  of 
22  mm  gave  a  growth  interface  which  is  nearly  flat  and  resulted 
in  routine  single  crystal  growth.  Temperature  gradients  of 
4*C/cm.  and  9*C/cm.  have  produced  dislocation  densities  of 
<1000/cm^  and  2000-5000/cm^  respectively  for  34  mm  diame¬ 


ter  GaAs.  Post  growth  cooling  rates  for  GaAs  have  been  50, 
160  and  5(X)*C/hr.  The  cooling  rate  affects  the  number  and  size 
of  arsenic  precipitates  and  the  EL2  concentration  in  the  GaAs 
crystal.  In  the  case  of  CdTe,  the  ampoule  was  pressurized  to  1 
atmosphere  using  argon.  The  thermal  spike  necessary  to  create 
and  sustain  a  molten  zone  22ttun  in  length  for  CdTe  is  very 
different  from  the  thermal  spike  necessary  to  accomplish  a 
molten  zone  of  the  same  size  in  GaAs.  As  a  result,  the  tempiera- 
ture  gradient  imposed  on  the  solid  is  larger  for  CdTe.  Growth 
conditions  and  results  for  CdTe  are  discussed  and  compared  to 
those  for  GaAs. 
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SESSION  2D 


GROWTH  OF  PERFECT  QUASICRYSTALS;  FROM  CURIOSITY  TO  REALITY 

A.  Refik  Kortan 

AT&T  Bell  Laboratories,  600  Mountain  Ave. 

Murray  Hill,  NJ  07972-0636 


Ideal  quasiciystalline  form  of  matter  is  deflned  by  an 
atomic  structure  that  exhibits  a  perfect  orientational  long  range 
order,  a  non-periodic  perfect  long  range  translational  order;  and 
a  non-crystallographic  point  group  synunetiy.  In  view  of  these 
exotic  structural  properties,  perhaps  not  so  surprisingly 
"quasicrystals"  were  also  called  as  “impossible  crystals".  If  you 
imagine  tiling  your  floor  using  pentagonal  tiles  it  will  very 
soon  come  to  your  attention  that  it  is  almost  impossible  to 
maintain  any  long  range  order  in  the  process.  Understandably, 
carrying  out  a  similar  space  filling  in  three  dimensions  with 
non-crystallographic  building  blocks  becomes  even  more  com¬ 
plicated.  Such  exotic  structures  do  exist  in  nature  and  were  first 


discovered  in  1984  in  an  Al-Mn  alloy.  This  particular  alloy  had 
a  grain  size  of  few  hundred  angstroms,  and  was  thermodyamic- 
ally  metastable.  In  eight  short  years,  and  after  the  discovery  of 
many  other  quasicrystalline  compounds  the  quasicrystalline 
single  grain  size  we  could  grow  increased  from  a  fiaction  of  a 
micron  to  few  centimeters.  Today,  we  can  grow  nearly  defect 
free  and  stable  two  and  three  dimensional  quasicrystals  with 
macroscopic  dimensions.  All  quasioystals  discovered  to  date 
exhibit  a  universal  non-congruent  melting  proper^  which  we 
exploit  in  our  crystal  growth  techniques.  This  lecture  will 
review  the  progress  made  in  understanding  quasicrystals, 
growing  single  grains,  and  the  present  day  status  of  the  field. 


ON  THE  MORPHOLOGY  OF  AlCuFe  QUASICRYSTALS  AND  RELATED  PHASES 

K.  Balziaveit  and  H.  Meekes 

Laboratory  of  Solid  State  Chemistry  University  of  Nijmegen 
The  Netherlands 


The  icosahedral  phase  of  AlCuFe  gas  first  observed  to  be 
stable  by  Tsai,  Inuoe  and  Masumoto  [1].  As  a  consequence  of 
that  stability  and  the  availability  of  relatively  large  single  crys¬ 
tals,  AlCuFe  offers  an  attractive  system  to  study  quasi  crystals; 
many  investigations  have  been  reported.  There  seem  to  be 
many  different  compositions  which  presort  the  icosahedral 
phase,  the  degree  of  perfection  of  the  these  phases  often  beirtg 
explained  by  phason  strain. 

The  aim  of  our  investigation  was  to  grow  single  crystals 
with  the  icosahedral  phase  with  two  main  goab.  First  of  all  to 
produce  large  crystals  for  characterisation  of  different  physical 
propterties  and  secondly  to  study  the  growth  of  quasi  crystals  in 
the  light  of  normal  growth  theories. 

Various  samples  with  different  start  compositions  were  pre¬ 
pared.  All  the  samples  were  molten  and  well  homogenized  in 


an  argon  arc  furnace.  Some  of  the  resulting  pellets  were  then 
armealed  at  different  temperatures.  The  samples  were 
characterised  using  scanning  electron  microscopy  and  micro¬ 
probe,  interference  optical  microscopy,  scarming  turmeling 
microscopy  and  x-ray  powder  diffraction. 

The  morphology  of  the  as-grown  phases,  icosahedral  and 
crystalline,  of  the  different  sanqrles  (annealed  and  as-cast)  is 
discussed  in  relation  to  both  initial  and  final  compxjsition.  A 
simple  growth  model  and  the  prresence  of  classical  growth 
phenomena  such  as  step,  spiral-like  prattems,  dendritical  and 
cellular  growth  is  also  discussed. 


[1]  A.P.  Tsai,  A.  Inoue  and  T.  Masumoto,  Jpn.  J.  Appl.  Phys. 
26(1987)L1505. 
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GENERAUSATION  OF  MORPHOLOGICAL  HARTMAN  PERDOK  THEORY  TO 
MODULATED  AND  QUASI  CRYSTALS 
P.  Bennema,  K.  Balzuweit,  JP.  van  der  Eerden,  M.  Kremers, 

H.  Meekes,  MA.  Verheijen  and  LJP.  Vogels 
Laboratory  of  Solid  State  Chemistry  University  of  Nijmegen 
The  Netherlands 


In  a  recent  survey  papa  it  was  shown  that  on  modulated 
crystals  forms  of  facets  to  be  indexed  with  four  integral  inte¬ 
gers  [hldm]  occur  [1].  These  facets  were  discovered  on  two 
types  of  totally  different  modulated  crystals: 

i)  Crystals  with  an  average  P-K2SO4  structure  grown  from 
an  aqueous  solution,  like  Rb^[nBr4,  (N(CH3)4)2ZnCi4, 
etc. 

ii)  Crystals  of  the  mineral  Calaverite  (Aui.^^Ag^Tej). 

Furdiermore,  it  has  been  shown  that  faces  {kldmno}  occur¬ 
ring  on  quasi  crystals  can  be  understood  in  terms  of  a 
generalised  Hartman  Perdok  theory.  The  main  aim  of  this  con¬ 
tribution  is  to  show  how  in  the  more-than-three  dimensioiul 
(superspace)  crystallography  of  de  Wolff.  Janner  and  Janssen 
-where  modulated  (and  quasi  crystals)  are  considered  as  three 
dimensional  cuts  of  a  translational  invariant  super  space-  the 


Hartman  Perdok  theory  can  be  generalised  to  explain  the 
occunence  of  [h]dm(no)]  faces  on  modulated  and  quasi  crys¬ 
tals.  In  order  to  identify  generalised  nets  {hJdm(no)]  parallel  to 
F-faces,  showing  a  roughening  transition,  the  conc^ts  of  bond 
and  bond  energy  have  to  be  generalised.  To  this  end  a  bond  is 
considered  as  a  continuimi  of  slightly  varying  bonds  suspended 
between  two  ‘worldlines’  in  superspace.  Using  this  concept, 
the  crystal  cormected-net-theory  is  generalised  by  checking 
whether  slabs  conesponding  to  three  dimensional  crystal  cuts 
with  a  thickness  d^u,^  are  cormected  and  calculating  the  cor¬ 
responding  slice  energies. 

(1]P.  Bermema,  K.  Balzuweit,  B.  dam,  H.  Meekes,  MA. 

Veriieijen  and  LJ.P.  Vogels,  I.  Phys.  D:  Applied  Phys. 

24(1991)186. 


NEW  RELEVANCE  FOR  RESIDUAL  CRYSTAL  AND  MELT  ANALYSIS 

B.  Cockayne 

DRA  Electronics  Division,  RSRE  Malvern 
St  Andrews  Road,  Malvern,  Worcs  WR14  3PS,  UK 


It  is  well  recognised  that  analysis  of  the  last  portions  of 
single  crystals  to  solidify  during  growth  from  the  melt  has 
helped  to  interpret  many  phenomena  associated  with  the  segre¬ 
gation  of  impurities,  including  the  developmerrt  of  cellular 
structures  due  to  constitutional  supercooling  and  precipitation 
phenomena.  However,  severe  impairment  of  crystalline  perfec¬ 
tion  induced  by  such  defects  prevents  such  material  being  of 
practical  use  in  device  structures  and  it  is  frequently  discarded. 

In  this  review,  it  will  be  shown  that  information  derived 
from  both  structural  and  chemical  analysis  of  such  imperfect 


crystal  regions  and  associated  melt  residues  can  be  used  to  gain 
a  wide  variety  of  additional  information  pertinent  to  improving 
and  understanding  crystal  properties  and  to  developing  new 
materials.  Particular  examples  will  include;  a)  lattice  hardening 
in  relation  to  the  growth  of  dislocation-free  m-V  semiconduct¬ 
ing  compounds,  b)  the  identificaiion  of  {diase  relationships 
relevant  to  the  formation  of  scattering  particles  in  laser  materi¬ 
als,  c)  an  improvranent  in  crucible  lifetime  for  the  gtowdi  of 
garnets,  and  d)  the  discovery  of  a  new  family  of  iron-based 
ferromagnetic  compounds. 
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TEMPERATURE  DIFFERENCE  IN  RADIAL  DIRECnON  OF 
CZOCHRALSKI  COPPER  CRYSTAL 
Y.  Imashimizu  and  J.  Watanabi 
Department  of  Materials  Engineering  and  Applied  Chemistry 
Mining  College,  Akita  University,  Aldta  010,  Jqran 


It  was  attempted  to  measure  the  temperature  difference  in 
radial  direction  and  the  axial  temperature  gradient  of  a  bottle¬ 
neck  shaped  copper  specimen  10  mm  diameter  under  pulling  in 
a  stream  of  argon  gas,  and  the  role  of  radial  temperature  gradi¬ 
ent  in  the  dislocation  formation  of  Czochralski  copper  crystal 
was  examined. 

For  the  measurement  of  the  temperature  difference  in  radial 
direction,  a  differential  thermocouple  of  Pt-13%Rh/Pt/Pt-13Rh 
wires  0.1  mm  in  diameter  was  attached  to  a  diametrical  hole 
perforated  it  a  position  of  main  body  of  the  specimens  in  such 
a  way  that  one  of  the  junctions  was  located  at  the  center  and  the 
other  at  the  side  surface  near  the  hole.  The  temperature  differ¬ 
ence  between  the  center  and  the  side  surface  of  the  specimen 
were  measured  by  recording  thermo-electromotive  force  of  the 
differential  thermocouple  during  the  pulling  process.  In  order 
to  determine  the  axial  temperature  gradient  of  the  pulling  cop¬ 


per  specimen,  a  Pt/Pt-13%Rh  thermocouple  was  attached  to  a 
diametrical  hole  of  the  specimen,  and  the  temperature  variation 
with  pulling  of  the  specimen  was  measured. 

The  temperature  difference  between  the  center  and  the  side 
surface  was  about  5  K  independent  of  the  distance  from  the 
melt  but  showed  an  oscillation  with  a  small  amplitude  which 
may  be  resulted  from  temperature  oscillation  of  convective  gas 
around  the  pulling  specimen.  The  axial  temperature  gradient 
was  abut  2  JxlO^K/m. 

The  dislocation  density  of  the  copper  crystal  pulled  under  a 
similar  condition  to  this  experiment  is  larger  than  the  estimated 
value  from  the  above  radial  temperature  difference.  Therefore 
it  is  inferred  that  thermal  stress  arising  firom  the  temperature 
difference  in  radial  direction  is  not  the  main  factor  for  the 
formation  of  dislocations  in  Czochralski  copper  crystal. 


FUNDAMENTAL  ASPECTS  OF  PARTICLE  ENGULFMENT 
BY  A  SOLIDIFYING  FRONT 
M.  Yemmou  and  MA.  Azouni 
Laboratoire  d' Aerothemtique  din  CNRS 
4ter  route  des  Gardes,  92190  Meudon  (France) 

G.  P6tri 

Chem.  Phys.  E.P.  Dqjt..  CP  165,  ULB 
SO  av.  F.D.  Roosevelt,  1050  Bruxelles  (Belgique) 


The  engulfment  or  rejection  of  solid  particles  by  advancing 
solidification  is  important  in  metallurgy,  materials  science, 
cryobiology,  cryoconcentration,  soil  mechanics  and  many 
other  processes. 

In  a  previous  paper  [1],  we  experimentally  determined  the 
critical  velocity  (the  value  of  the  rate  of  the  ice-water  interface 
at  which  both  the  repulsion  and  the  ctq)ture  of  a  foreign  particle 
are  possible)  for  polyamide  particle  sizes  ranging  from  10'^  to 
1  cm. 


Using  the  same  set-up  and  procedure,  we  extended  our 
investigation  to  steel  beads  (u'ameter  of  0.6  cm)  in  order  to 


water 

polyamide 

steel 

ice 

Thermal  con¬ 
ductivity, 
erg/cm 'C 

56.10^ 

23.10^ 

46.10^ 

221.10^ 

elucidate  the  mechanism  of  engulfinent  of  particles  of  differoit 
thermal  conductivities  (see  the  following  table). 

In  particular,  what  governs  the  sh^ie  of  the  interface,  since 
the  particle  touches  the  interface  until  encapsulation  ?  Hydro- 
dynamic  forces  ?  Capillary  forces  ?  Thermal  effects  ? 

The  theoretical  analysis  of  these  p  j'ameters,  and  the  exami¬ 
nation  of  ail  subsequent  stages  of  trapping  (evolution  of  die 
meniscus,  contact  angle  determination)  make  evident  that  the 
thermal  effects  are  of  prime  importance  in  the  intoface  shape 
when  large  particles  are  considered. 


[1]  M.A.  Azouni,  W.  Kalita,  M.  Yemmou  -  J.  Crystal  Growth, 
99(1990),  p.  201. 
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MECHANISM  OF  GROWTH  OF  ORGANIC  HOURGLASS  INCLUSIONS: 
OLD  MATERIALS  WITH  PHOTONIC  APPUCATIONS 
Bart  Kahr.  Marianne  Nyman  and  Jason  K.  Chmv 
Department  of  Chemistry,  Purdue  University,  West  Lafayette,  IN  4190(7-1392 


Organic  hourglass  inclusions  are  simple  ionic  salts  contain¬ 
ing  oriented  organic  dyes  adsorbed  through  specific  crystal 
faces.  These  materials,  first  described  more  than  100  years  ago 
but  subsequently  abandoned  as  curiosities,  have  characteristics 
that  address  scientific  and  technological  issues  not  foreseen: 

[1]  Aromatic  molecules  trapped  in  ordered  ionic  matrices  test 
the  spectroscopic  consequence^  of  "salting"  organic  molecules; 

[2]  Oriented  chiomophores  sealed  in  robust  ionic  matrices  are 
ptromising  second  order  nonlinear  optical  devices.  We  are  elu¬ 
cidating  the  recognition  processes  upon  which  the  growth  of 


hourglass  inclusions  depend.  The  extensive  literature  on  habit 
modification  of  simple  salts  by  organic  dyes  is  correlated  with 
dye  structure.  Tailor-made  dyes  are  synthesized  to  probe 
growth  active  surface  sites  systematically.  Semi-empirkal 
molecular  orbitals  calculations  of  dye  ground  state  geometries 
are  determined  in  order  to  fit  guests  onto  host  surface  structures 
predicted  using  simple  models.  The  combined  studies  are 
essential  for  designing  new  hourglass  inclusions  with  opti¬ 
mized  optical  properties. 


PROPERTIES  AND  SURFACE  MORPHOLOGY  OF  INDIUM  TIN  OXIDE  FILMS 
PREPARED  BY  ELECTRON  SHOWER  METHOD 
H.  Yumoto,  J.  Hatano,  T  Watanabe,  K.  Fujikawa  and  H.  Sato* 

Faculty  of  Industrial  Science  and  Technology 
The  Science  UniversiQt  of  Tokyo,  Noda,  Chiba  278,  Japan 
*Sato  Seigyo  Co.,  Ltd.,  Yokohama  244,  Japan 


Indium  tin  oxide  (TTO)  films  have  been  investigated  for 
applications  such  as  transparent  electrodes,  and  heat  reflecting 
films  for  heat  insulation.  Most  ITO  films  have  been  prepared 
by  the  sputtering  technique.  Authors  have  developed  a  new 
method  to  produce  thin  solid  films:  electron  shower  method. 
The  purpose  of  this  study  is  to  make  HO  films  by  this  method 
and  to  characterize  them. 

The  electron  shower  was  made  by  accelerating  thermal 
electrons  with  SOO  V,  which  were  emitted  from  a  heated  tung¬ 
sten  filament.  The  pellets  of  ITO  (Sn02=5wt,%)  were  used  as 
the  source  material  for  evtqxtration  from  an  electron  gun  with  a 
discharge  power  of  about  0.6  kW.  The  ITO  molecules  evapo¬ 
rated  by  electron  beam  was  activated  by  passing  through  the 
electron  shower  and  deposited  on  the  substrates.  The  substrates 
used  were  glass  plates  and  copper  microgrids  coated  with  car- 
boiL  The  properties  of  these  ITO  films  prepared  by  electron 
shower  (E.S.)  was  compared  with  ones  formed  by  electron 
beam  (E.B.).  The  pressure  in  the  vacuum  chamber  was  2x10'^ 
Torr.  and  oxygen  gas  was  not  flowed  through  the  chamber. 

The  electron  resistivity  of  ITO  films  prepared  by  electron 
shower  was  4x10'^  O  cm  and  was  one  or  two  orders  in  magni¬ 
tude  smaller  than  that  prepared  by  electron  beam.  The  favor¬ 


able  orientations  of  the  films  made  by  EE.  were  (222)  and 
(400),  and  the  orientation  of  one  formed  by  electron  shower 
was  (622).  As  the  amount  of  the  crystallization  was  higher  in 
the  case  of  the  electron  shower,  the  grain  size  of  the  film 
affected  the  electron  resistivity. 

Photographs  show  that  surface  morphology  of  the  ITO 
films  was  changed  by  the  growth  condition:  (a)  VLS  whiskers 
(EE.  with  6.5  kV,  O.IA),  (b)  two-dimensional  VLS  whiskers 
(EE.  with  6  kV,  O.IA  plus  E.S.  with  0.02A),  and  (c)  lawn-like 
crystals  (E.B.  with  6.7  kV,  0.1  A  plus  E.S.  with  0.D5A).  The 
concentration  of  Sn  in  the  tip  droplet  of  the  VLS  whiskers  was 
40-60  w.%.  The  two-dimensional  VLS  growth  was  due  to  the 
surface  diffusion,  because  the  growth  rate  of  the  film  of  (b)  was 
25  A/min.  and  was  one  order  of  magnitude  less  than  those  of 
(a)  and  (c),  and  the  most  ITO  molecules  were  supplied  to  the 
tip  of  the  whiskers  by  the  surface  diffusion  and  not  directly 
from  the  vapor  i^ase. 

Dendrite  crystals  also  grew  at  the  edges  of  holes  of  die 
copper  microgrids.  As  there  was  holes,  few  crystals  could  grow 
only  at  the  edges.  Therefore,  the  supersaturation  of  the  vspor  at 
die  holes  became  higher  than  that  of  other  places. 
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SESSION  3 


STUDIES  ON  CRYSTAL  GROWTH  AND  THIN  LAYER  FORMATION 
BY TEAS AND STM 
Boyan  Mtaafisctuev 

Laboratorie  de  Min^ralogie-Cristallographie,  Universites  de  Paris  VI  et  Vn 
F-75252  Paris  Cedex  05,  France 


The  continuously  increasing  requirement  of  microelectron¬ 
ics  for  thin  layers,  multilayer  structures,  and  quantum  wires 
with  weU  defined  surfaces  or  interfaces,  triggered  the  recent 
development  of  powerful  techniques  for  structural  and  mor¬ 
phological  surface  analysis  on  atomic  scale.  Most  of  them, 
however,  based  on  conventional  or  high  resolution  transmis¬ 
sion  electron  microscopy,  are  suitable  either  for  ex  situ  obser¬ 
vations,  or  make  necessary  heavy  and  sophisticated  equipment, 
for  in  situ  experiments.  Same  can  be  said  for  X-ray  diffraction 
methods  using  synchrotron  radiation. 

Two  relatively  light  and  very  complementary  techniques 
emerged  during  the  last  decade,  allowing  in  situ,  studies  of  the 
topmost  lattice  plane  of  a  crystal  surface,  and  hence,  of  the 
dynamics  of  two-dimensional  (2D)  phase  transformations, 
including  crystal  growth  and  thin  filter  formation. 

The  scanning  tutmeling  microscopy  (STM)  permits  the 
direct  imaging,  in  the  real  space,  of  surface  morphology,  down 
to  atomic  features,  thus  providing  information  about  the  den¬ 
sity  and  shape  of  2D  islands  during  growth  or  evtporation,  the 
interaction  between  islands  and  moving  growth  lamellae,  the 
structure  of  reconstructed  surfaces  or  2D  layers  on  foreign 
substrate,  etc.  It  is  sometimes  used  to  check  the  validity  of 
results  obtained  by  the  less  direct  diffraction  methods. 

The  impossibility  of  STM  to  look  at  the  overall  growth  or 
nucleation  processes  on  large  surface  areas,  as  well  as  the 
presumed  damages,  induced  by  the  high  current  density  at  the 
tip  on  the  surface  of  more  frame  substances,  are  only  two 


points  on  which  is  based  the  strength  of  the  Thermal  Energy 
Atom  Scattering  CTEAS)  of  supersonic  quasi-monokinetic 
helium  beams. 

As  by  other  diffraction  methods,  the  measured  spectra,  dif- 
fr'acted  intensity  vs  incident  angle,  are  integrated  over  sample 
areas  of  several  square  millimeters.  However,  the  very  low 
kinetic  energies  of  the  helium  atoms,  of  the  order  of  10  to  100 
meV,  make  of  the  TEAS  the  most  unperturbing  method  for 
surface  analysis.  Thanks  these  low  energies,  the  measurement 
of  energy  lost  (or  gain)  spectra,  due  to  inelastic  scattering,  can 
be  a  precious  tool  for  the  characterization  of  2D  phases  and 
their  transformations. 

Furthermore,  die  long  range  interaction  potential  between 
helium  and  target,  provides  for  the  isolated  atoms,  adsorbed  on 
the  target  surface,  effective  scattering  cross  sections,  of  the 
order  of  100  A^.  The  subsequent  attenuation  of  the  reflected 
beam  intensity  thus  enables  measurements  of  extremely  low 
adsorption  coverages.  Accordingly,  surface  occupancy  laws, 
issued  from  different  theoretical  models,  can  be  checked  in  the 
entire  coverage  interval  from  10'^  to  1.  The  method  can  be 
successfully  used  for  studying  the  types  of  2D  phase  transi¬ 
tions,  surface  disordering  and  2D  critical  phenomena. 

The  talk  is  a  review  of  some  more  significant  results  on 
surface  growth  and  evaporation  morphology  obtained  by  the 
two  techniques.  At  the  end  are  presented  our  own  TEAS  stud¬ 
ies  on  the  formation  of  monomolecular  overlayers  of  Pb  on 
Cu(llO). 


51 


SESSION  3A 


GROWTH  MECHANISMS  AND  MORPHOLOGY  OF  CRYSTALS 

P.Bennema 

RIM  Laboratory  of  Solid  State  Chemistry 
Faculty  of  Science.  University  of  Nijmegen 
Toemooiveld,  6S2S  ED  NUMEGEN 
The  Netherlands 


In  the  talk  first  of  all  a  short  survey  will  be  given  of  modem 
theories  on  morphology  of  crystals.  These  theories  consist  of  a 
logical  integration  of  the  Hartman-Perdok  theory  and  statistical 
mechanical  theories  on  thermal  roughening  and  kinetical 
roughening.  In  passing  recent  examples  of  observed  thermal 
roughening  and  kinetical  roughening  of  paraffin  crystals  grow¬ 
ing  fi’om  an  hexane  solution  will  be  discussed. 

Next  a  brief  survey  will  be  given  of  theories  which  go 
beyond  surface  theories  mentioned  above,  concerning  the 
structure  of  the  first  layers  of  the  mother  phase,  adjacent  to  the 
crystalline  surface.  Three  types  of  theories  can  be  distin¬ 
guished: 

(1)  functional  density  theories, 

(2)  molecular  dynamical  models, 

(3)  regular  solution  like  theories. 


It  will  be  shown  how  from  observed  roughening  tempera¬ 
tures  and  kinetical  roughening  of  paraffin  crystals  growing 
fi^om  an  hexane  solution,  actual  bond  energies  occurring  at  the 
surface  due  to  the  structuring  of  fluid  mentioned  above  can  be 
calculated.  It  will  also  be  shown  how  growth  mechanisms  are 
influenced  by  the  stmcturing  mentioned  above. 

Finally  it  will  be  shown  briefly,  how  the  occurrence  of  a 
new  type  of  faces  to  be  desoibed  by  four  integers  (hklm): 
occurring  on  modulated  crystals  can  be  interpreted  by  a  kind  of 
generalisation  of  the  Hartman-Perdok  theory,  by  generalising 
the  concept  of  chemical  bond.  Bonds  are  spread  out  as  a  con¬ 
tinuum  of  bonds  using  an  extra  dimension  and  higher  than 
three  dimensional  crystallogr^shy  according  to  the  crystallo- 
gra]^c  theory  of  de  Wolff,  Jarmer  and  Jansen. 

Implication  for  crystal  growth  mechanisms  on  faces  (hklm) 
will  be  discussed  briefly. 


FACE  STATISTICS  ON  THE  DISSOLUTION  FORMS  OF  GARNET  CRYSTALS 
E.  Hartmaru^*^  and  E.  Beregfi'^ 

^*^eseatch  Laboratory  for  Crystal  Physics,  Budapest,  Hungary 
^^Research  Institute  for  Telecotrununications,  Budapest,  Hungary 


The  crystal  forms  observed  on  natural  garnets  were  col¬ 
lected  by  Goldschmidt  [1].  On  this  basis  Riime  and 
Kulaszewski  [2]  made  a  face  statistics  according  to  which  the 
relative  proportion  of  the  faces  (110}  and  (211)  is  about  7S% 
on  natural  garnets.  Bermona  et  al.  [3]  theoretically  studied  the 
morphology  of  garnets.  It  was  shown  by  them  that  the  relative 
morphological  importance  is  given  by  a  series  (211),  (220), 
(400). 

The  dissolution  forms  of  garnets  crystals  were  investigated 
earlio'  very  rarely  (2,4,5).  In  the  last  decade  we  have  investi¬ 
gated  systematically  the  dissolution  forms  of  garnet  crystals 
(R3A(5-x)B»Oi2,  where  R=Lu,Yb,Er,Ho,Y,Gd,Sm,Ca  and  Bi, 
A3=Fe,Ga,Al,Sc,GeJn  and  V,  0^x^5).  Our  first  paper  was 
published  in  19833  (6).  The  polished  crystal  spheres  with  a 
diameter  of  0.6-0.8  mm  were  dissolved  in  various  acids  at 
different  temperatures.  The  dissolution  forms  were  investigated 
by  a  Jeol-JSM-33  scanning  electron  microscope. 


Octahedron  and  tetrakishexahedron  faces  occurred  most 
frequottly  on  the  dissolution  forms  obtained  by  us.  In  die 
lecture  we  will  report  about  the  face  statistics  on  dissolution 
forms  of  garnet  crystals  based  on  our  results  and  those  found  in 
the  literature. 


[1]  V.  Goldschmidt,  Atlas  der  Kristalformen  (C.F.  Wmter,sche 
Buchdruckerei,  Heidelberg,  1918). 

[2]  F.  Rinne  and  L.  Kulaszewski,  Tschermaks  Mineral.  Petrog. 
Mitr.(NF)38  (1925)376. 

[3]  P.  Bermema,  E.A.  Giess  and  J.E,  Weidenbomer,  J.  Crystal 
Growth  62  (1983)  41. 

[4] R.B.  Heimann,  AufiSsung  von  Kristallen,  in  Apidied 
Mineralogy,  Vol.  8.  (Springer,  Vienna,  1975). 

[5] R.B.  Heimann  and  W.  Tolksdorf,  J.  Crystal  Growth  65 
(1983)562. 

[6]  E.  Beregi,  E.  Hartmann,  J.  Labar,  E.  Sterk  and  F.  Tanos,  J. 
Crystal  Growth,  65  (1983)  562. 
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ELEMENTARY  PROCESSES  OP  DISSOLUTION;  (101)  ADPFACE 

P.G.  Veldlav 

Institute  of  Physical  Chemistiy,  SoHa  1040,  Bulgaria 
Yu.G.  Kuznetzov  ondAA.  Chernov 

Institute  of  Ciystallogrqihy,  USSR  Academy  of  Sciences,  Moscow  1 17333,  USSR 


X-ray  topograi^y  and  in  situ  laser  Michelson  interferome¬ 
try  combined  with  a  two  thermostat  interswitchable  growth 
system  were  applied  to  snidy  the  (101)  ADP  face  during  disso¬ 
lution  in  undersaturated  solutions  as  compared  to  growth.  The 
movement  of  existing  step  patterns  proved  to  be  symmecrical 
with  respect  to  growth  and  dissolution.  Consequently,  the  two- 
dimensional  anisotropy  of  the  step  pattern  in  case  of  dissolu¬ 
tion  is  inversely  symmetrical  to  the  growth  anisotropy. 
Uncontrolled  impurities  were  inactive  to  growth  at  the  condi¬ 
tions  of  the  experiment  The  limiting  under-saturation  for  the 
appearance  of  the  dislocation  etchpit  (a  ^  0  J%)  allowed  us 
to  estimate  the  Burgers  vector/effective  free  surface  energy 
ratio  for  one  of  the  dislocation  sources  -  b/a=5.3xlO"*  r*m^. 
Hence,  the  most  probable  value  of  the  effective  free  surface 
energy  of  the  step  riser  on  the  studied  face  a?29  eig/cm^  which 


confirms  the  value  determined  in  growth  experiments.  The 
dependence  of  the  etclqiit  slope  on  the  undersaturation  gave  the 
dimensionless  rotation  frequency  of  the  spiral  in  undersatu¬ 
rated  solutions  0^1.19.  Etching  of  micro-defects  and  colloid 
size  particles  present  in  the  crystal  was  observed.  Mutual  retar¬ 
dation  of  steps  during  dissolution  and  regeneration  of  the  crys¬ 
tal  edges  and  in  the  dislocation  etchpits  indicates  a  strong  step 
(most  probably  surface)  diffusion  field  overlap.  The  (100)  ADP 
face  dissolves  in  a  slightly  supersaturated  solution  presumably 
due  to  excess  stress.  Etching  of  vicinal  boundaries  was 
observed  and  the  existence  of  limiting  supersaturation  for  it 
helped  us  to  propose  a  new  model  of  vicinal  sectorial  bound¬ 
aries  -  accumulated  impurities  there  lead  to  elastic  stress, 
observed  by  X-Ray  topograj^y. 


INTERSTEP  INTERACTION  IN  SOLUTION  GROWTH  (101)  ADP  FACE 
P.G.  Vekilov,  Yu.G.  Kuznetsov  and  A  A.  Chernov 
Institute  of  Crystallography,  Academy  of  Sciences  of  the  USSR 
Leninskii  pr,  59,  Moscow  117333,  USSR 


Michelson  interferometry  was  ^lied  to  study  depen¬ 
dences  of  the  tangential  velocity  v  of  the  growth  steps  on 
siqiersaturation  for  various  dislocation  sources. 

It  is  experimentally  shown  that  the  tangential  velocity 
increases  with  supersaturation  weaker  than  linearly  and  v(o) 
curve  lies  the  lower  the  stronger  the  dislocation  source. 

To  check  whether  the  v(a)  nonlinearity  comes  from  the  step 
density,  i.e.  of  hillock  slope  p  only  the  slope  and  supersatura¬ 
tion  have  been  changed  independently  one  from  another.  For 
that,  a  new  setup  with  two  rapidly  (=10  s)  interchangeable 
tracts  in  which  solutions  with  two  different  supersaturations 
were  circulated  was  used.  At  p=const,  the  v(a)  dependence 
turns  out  to  be  linear.  The  slope  of  this  v(o)  line  decreases 
when  p  increases.  The  effect  is  not  sensitive  to  the  solution 
flow  rate,  i.e.  is  determirted  by  processes  on  or  at  the  interface. 

Contrary  to  the  prismatic  face,  the  obtained  results  have 
been  interpreted  in  terms  of  surface  diffusion  in  which  case 
anisottopy  of  vicinals  appeared  during  growth  and  dissolution 


is  attributed  to  the  anisotropy  of  surface  diffusion  length,  X,. 
The  latter  was  determined  experimentally  from  the  average 
interstq)  distance  for  the  minirrud  slope  at  which  the  nonlinear¬ 
ity  of  v(o)  starts.  The  X,  values  for  the  3  azimutiial  directions 
normal  to  the  triangular  hillock  sloped  were  found.  These  val¬ 
ues  turns  out  to  be  proportiorud  to  the  minimal  interatomic 
distances  in  the  atomic  structure  of  the  (101)  face.  Temperature 
deperxlence  of  v(a)  gives  activation  energies  for  A,  •  (Sl.Qtl 
kJ/mol)  and  step  propagation  (65  kJ/mol  for  T<40‘C  and  47 
kJ/mol  for  T>40*C).  These  dependences  suggest  that  preferen¬ 
tially  triple  and  double  steps  move  at  29<^<40*C  and  single 
stqrs  at  40<T<67*C.  Entropy  repulsion  of  steps  at  elevated 
temperature  might  be  one  of  the  reasons. 

Since  conventional  surface  diffusion  model  seems  to  be 
problettuitic  for  solution  growth  a  possibility  of  partly  ordered 
subsurface  layer  several  intermolecular  spacing  this  is 
discussed. 
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IN  SITU  OBSERVATION  OF  PROTEIN  CRYSTAL  GROWTH  BY 
ATOMIC  FORCE  MICROSCOPY 
Stephen  D.  Durbin  and  Warren  E.  Carlson 
Department  of  Physics  and  Astronomy.  Carleton  College,  Northfield,  MN  SS0S7 


We  have  used  atomic  force  microscopy  (AFM)  to  observe 
growing  crystals  of  the  protein  lysozyme  in  their  mother 
liquor.^  To  date  we  have  not  resolved  individual  protein  mole¬ 
cules.  but  we  have  clearly  seen  the  edges  of  layers  that  are  one 
or  two  molecules  high.  Images  of  the  crystal  surface  show  the 
time  course  of  nucieation,  spreading,  and  merging  of  two- 
dimensional  islands  to  form  successive  layers  of  the  crystal. 
From  these  images  we  obtained  step  velocities  and  rates  of 
two-dimensional  nucieation  of  new  islands.  As  deduced  pre¬ 
viously  from  electron  microscopic  observations  of  surface  step 
patterns,^  the  step  velocities  are  anisotropic.  Both  step  veloci¬ 
ties  and  nucieation  rates  increase  rapidly  with  supersaturadon. 

We  have  frequently  observed  both  small  and  large 
macrosteps  (S-100  closely  spaced,  urut  height  steps)  on  crystals 
growing  at  reladvely  low  supersaturadon.  In  the  cases  studied 
so  far,  the  mactosteps  move  at  the  same  velocity  as  the  unit 
height  steps.  This  implies  that  two-dimensional  diffusion  of 
molecules  over  terraces  to  attachment  sites  at  steps  is  not  a 
rate-limiting  factor  under  these  condidons. 


Most  of  the  surfaces  observed  have  been  lacking  in  visible 
defects  (though  there  may  be  unresolved  ones).  On  such  sur¬ 
faces,  the  nucleadon  of  new  islands  appeared  to  occur  at  ran¬ 
dom  sites  on  successive  It^rers,  i.e.  there  was  litde  or  no 
repeated  nucleadon  such  as  might  be  expected  from  certain 
types  of  latdce  defect.  We  have  also  observed  other  surfaces 
possessing  obvious  defects  or  clusters  of  defects.  As  successive 
layers  grew  on  the  crystal,  these  defect  centers  were  sometimes 
healed  over,  sometimes  maintained  unchanged  from  layer  to 
layer,  and  sometimes  became  acdve  sources  of  new  islands.  By 
rapid  and  Tq)eated  formadon  of  new  islands,  the  defect  centers 
could  produce  macrosteps. 

The  AFM  technique  offers  not  only  a  means  of  viewing  a 
growing  crystal  surface,  but  also  the  possibility  of  making 
modificadons  to  the  surface  and  monitoring  the  response  of  the 
system.  For  example,  we  have  removed  portions  of  a  layer 
scanning  with  a  high  force  between  dp  and  sample,  then 
watched  regrowth  when  the  force  was  lowered. 


1 .  S.D.  Durbin  and  W.E.  Carlson,  J.  Crystal  Gratvth,  in  press. 

2.  S.D.  Durbin  and  G.  Feher,  J.  Mol.  Biol.  212  (1990)  763. 
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GROWTH  MECHANISM  OF  LONG  CHAIN  MOLECULAR  CRYSTALS 
ON  KCL  SUBSTRATE  DUE  TO  ANNEALING 
Mildhiro  Yamanaka,  Kohji  Mimura,  Kiyoshi  Yase  and  Kiyotaka  Sato 
Faculty  of  Applied  Biological  Science,  Hiroshima  University 
1-4-4  Kagamiyama,  Higashi-Hiroshima  724,  Jqun 
Kimiolnaoka 

Yiige  Merchantile  Marine  College,  Yuge-cho,  Ohchi-gun,  Ehime  794-2S,  lapan 

It  has  been  found  diat  a  long  chain  compound,  calcium  nar  thin  crystals  grew.  The  activation  energies  for  growing  the 
stearate  ((CH3(CH2)i6COO)2Ca:  fig.  1),  grew  qiitaxially  and  slender  crystals  and  converting  the  molecular  orientations  were 

arranged  parallel  to  the  substrate  surface,  when  it  was  avapo-  evaluated  ca.43  and  33  kJ/mol,  respectively, 

rated  onto  KCl  kept  at  25‘C,  as  shown  in  fig.  2  [1-3].  After  _ 

annealing  at  30-llS*C,  the  deposited  crystals  grew  in  length  [1]T.  Mild,  K.  Inaoka,  K.  Sato  & M.  Okada,  Jpn.  J.  App.  Phys. 
and  the  molecular  orientation  converted  from  parallel  to  nor-  24(198S)L672. 

mal  as  shown  in  6g.  3  [4,5].  The  molecular  dynamics  on  the  [2]  K.  Inaoka,  K.  Yase  &  M.  Okada,  Appl.  Surface  Sci. 
surface  was  investigated  by  electron  microscopic  observation  33/34(1988)1293. 

to  be  made  clear  as  follows:  at  moderate  temperatures  of  sub-  [3]  K.  Yase,  T.  Inoue,  K.  Inaoka  &  M.  Okada,  Jpn.  J.  Appl. 
strata  below  60'C,  the  molecules  removed  from  the  original  Phys.  287(1989)872. 

slender  crystals,  migrated  on  the  substrate  surface,  and  were  [4]  M.  Yamanaka,  K.  Yase,  K inaoka  &  K.  Sato,  submitted  to  J. 
absorbed  onto  more  stable  crystals,  which  elongated  with  Crya.  Growth. 

increasing  die  annealing  temperature  and  dme.  By  contrast,  [5]  K.  Yase,  M.  Yamanaka  &K.  Sato,  i^p/.5ic^eSci.(1992) 
above  60‘C  of  armealing  temperature,  the  nuclei  having  molec-  in  press, 

ular  orientation  normal  to  the  substrate  were  created,  and  pla- 
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IN^nV  X-RAY  TOPOGRAPHY  AND  INTERFEROMETRY  TO  STUDY 
SOLUTION  GROWTH  MECHANISMS 
Yu.G.  Kuznetsov 

Institute  of  Ciystallography,  Academy  of  Sciences  of  Russia 
Leninskii  Pr.  S9,  Moscow  117333.  Russia 


The  optic  and  ex-situ  X-ray  topography  studies  showed  the 
dislocations  were  the  growth  step  sources.  The  progress  in  the 
in-situ  X-ray  topognq>hy  and  die  interferometry  enables  to  get 
not  only  qualitative  estimations  but  and  the  quantitative  ones  of 
die  growth  process  characteristics. 

Due  to  these  methods  some  phenomenon  occurred  during 
crystal  growth  firom  aqueous  sohidon  was  understanded  and 
the  quantitative  values  of  some  growth  parameters  were 
received: 

growth  kinetic  of  each  crystal  face  is  bound  up  with  the 
dislocation  structure  of  the  crystal  and  dqiends  on  the 
structure  of  the  complex  dislocation  sources  which  are 
changed  during  crystal  growth; 

-  on  the  crystal  faces  having  the  azimuthal  anisotropy  of 
the  growth  step  motion  the  edges  of  the  dislocation 
growth  hillock  form  the  flat  vicinal  sectorial  boundaries 


into  die  crystal  body  due  to  the  different  crqMcities  of  die 
growth  steps  to  crqiture  die  impurities; 

-  the  complex  dislocation  source  model  enabled  to 
determine  the  total  Burger’s  vector  of  the  source  and 
free  surface  energy  of  die  growth  step  riser; 

-  the  growdi  step  kinetic  on  (101)  ADP  face  is  described 
in  terms  of  the  surface  diffusion  model  and  die 
elementary  junq»  of  the  absorbed  particles  along  the 
surface  set  the  kinetic  coefBcients  in  defined  by  the  face 
crystallography; 

-  The  stq>  structure  of  the  growth  hillock  changes  with 
the  temperature.  The  average  height  of  the  growth  steps 
depends  on  the  Burger’s  vector  of  the  dislocadon 
source.  At  T<40*C  die  average  hei^t  decreases  with  the 
increasing  of  the  temperature  and  at  T>40*C  one  is 
constant  and  has  the  height  equal  to  die  lattice 
parameter. 
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DEFECT  STRUCTURES  IN  LINbOa  WITH  DIFFERENT  COMPOSITION 
N.  lyi.  K.  Kitanmra,  F.  Izumi,  JX.  Yamamoto,  H.  Hayashi*,  H.  Asoftc^*  and  S.  Kimura 
National  Institute  for  Research  in  Inorganic  Materials,  Namild  1-1,  Tsukuba-std,  Ibarald  30S,  J^ndi 
*Tsukut>a  Asgal  Co.,  Ltd  Tokaidai  5-5,  Ikukuba-shi,  Ibarald  300-26,  Jq>an 
Institute  of  Materials  Science,  University  of  Tsukuba.  Tsukuba-shi,  Ibarald  303,  Japan 


The  structure  reGnement  was  conducted  on  LiNbOa  crys¬ 
tals  with  4  different  composition  by  the  X-ray  single  crystal 
diffraction  method  and  the  TOF  neutron  powder  diftaction 
(KEK,  Japan)  method  to  clarify  the  major  defect  mechanism  of 
UNbOa  governing  its  nonstoichiometry.  The  ctMtqmsition  cov¬ 
ers  from  near-stoichiometry  (Li/(Li-«-Nb)  =  0.498  to  high  non- 
stoichiometry  (Li/(Ii-t-Nb  =  0.470).  The  specimens  were  taken 
from  the  single  crystals  grown  by  the  floating  zone  and 
Czochralsld  methods,  whose  composition  had  been  character¬ 
ized  by  the  chemical  analysis,  lattice  parameters  and  the  Curie 
temperature. 

So  far  three  defect  models  were  proposed  for  UNbOa.  On 
the  basis  of  density  data,  two  “cation  substitution  model"  - 
“Li-site  vacancy  model”  and  “Nb-site  vacancy  tturdel”  -  were 
chosen  and  examined  in  the  refinements.  The  former  is 
expressed  in  chetiucal  formula  as  [Li.5xNbAx][Nb]03  and 
the  latter  [Lii.sJNl^,  [Nbi^j^jjoi  where  □  stands  for 
vacancy.  At  present,  Ae  “Nb-site  vacancy  model"  is  the  gener¬ 
ally  accqrted  LiNbOa  defect  modeL  llie  present  refinement 
results  revealed  that  the  amount  of  Nb  occupancy  was  compo- 
sition-indqrendent  (See  Figure)  and  indicated  that  Li'^  ions 
were  rqrlaced  by  the  Nb^'*'  ions  creating  vacancies  at  the  Li 
site.  For  example,  the  final  anisotropic  refinement  under 
the  compositional  constraint  resulted  in 
[Lio.948(3)Nbo.on{3)Cb.o4i(3)]  [Nbo.996(4)]Oa  for  the  congment 


LN  (Li/OLi-tNb)  =  0.485)  with  R=1.03%  and  wR=1.24«,. 
When  the  “Li-site  vacancy  model"  was  assumed  in  die 
Rietveld  analysis  of  the  neutron  diffraction  data,  reasoiable 
results  were  obtained;  on  the  other  hand,  tire  “Nb-site  vacancy 
model”  yielded  worse  R-factors  and  negative  tenqierature 
parameters  at  the  Li  site  for  nonstoichiometric  LiNb03  speci¬ 
mens.  These  results  are  consistent  with  the  “Li-site  vacancy 
truxleL” 


LI/(LUNb)  % 
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PABnnONING  OFINTRINSIC  SnSClES  DUBING  NASE  EQUIUBRIA  AND 
CRYSTALLIZATION  OF  LINbOj  MELTS 
Satoahi  Uda  mi  WUlumtA.  TUIer 
Departmoit  of  Miterials  Science  aid  Eotineeriqg 
Stafford  Univeni^  Stanford,  CA9430S-220S,  USA 


Lilfaium  niobate  melti  contain  leven  mtrintic  ipeciea  cre¬ 
ated  by  disaodation  and  ionization  reactions[l].  Tbm  ipeciei 
are  LiNbOs.  LiNbOs,  NbjOs.  U*.  OL'.  Nbi04Vo*^  and  6^. 
bi  dtif  iqiort,  phase  diafiam  solute  partition  coefficients, 
and  partial  liquidus  slopes,  mjJ  for  diese  intriiuic  species  se 
calculated  over  a  30*C  range  iimnediatefy  below  die  congruent 
liquid  liquidus  point  by  using  die  population  data  of  intrinsic 
species  in  die  LiNbOs  melt  along  die  liquidus  Ime  (Pig  1  for 
the  Nb-ricfa  8ide)[l]  combined  with  die  published  pbue  dia¬ 
gram,  ionic  conductivi^  and  diffiisivity  d^  for  li'^  and  in 

crystalline  UNbOs.  The  constraints  used  for  solving  for  the 
seven  values  of  (ko’,  toi})  are;  (1)  two  constraints  for  die  phase 
diagram  collective  results  for  Li^  and  NIitPs  using  the  pub- 


•  UNbO  »  NbjO, 


Temperature  (*C) 


Pigm] 


lidied  phase  diagram,  (2)  two  consiraiiitt  for  effective  stoichi¬ 
ometry  in  die  soUd  for  Li2p  Bid  Nb2Qs  and  they  are  eqiuvalent 
to  die  charge  neutrality  oonstraintt,  (3)  the  concentrations  of 
two  ionic  tptata,  n^*  andn^  in  die  crystal  are  calculated  via 
die  Nernst-Einstein  equation  using  die  published  kmic  conduc¬ 
tivity  data  and  diffosivity  data  for  diese  ions,  and  (4)  we 
assume  koliNbOj  B  1  since  it  is  the  srdvent  One  of  our  results 
is  ilhistratnd  in  2  showing  die  variadcn  of  Kg’  akmg  die 
Nlwich  liquidus  brie  around  the  corigiuent  liquid  point 

[1]  S.  Uda,  WA.  111188,  Submitted  to  J.  Crystal  Growth. 


M  N  M  M  M 


Temperature  (*C) 
FigyrtZ 
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CONTROL  OF  CRYSTAL-MELT  DTTERFACE  SHAPE  DURING  GROWTH  OF 
UTHIUM  NIOBATE  SINGLE  CRYSTAL 
A.  Hirata,  M.  Tachibana  and  T.  Sugimoto 
Department  of  Chemical  Engineering,  Waseda  UniversiQr 
3-4-1  Ohlnibo,  Shinjuku-ku,  Tokyo  169,  Japan 
Y.  Okano  and  T.  Fukuda 

Institute  for  Materials  Research,  Tohoku  University 
2-1-1  Katahira,  Aoba-ku,  Sendai  980,  Japan 

Convective  phenomena  during  CZ  growth  of  single  crystal  critical  crystal  rotation  rates.  Inoeasing  the  crystal  radius,  criti- 

affect  crystal-melt  interface  sh^,  that  is  quality  of  grown  cal  crystal  rotation  rate  decreased.  The  authors  have  theoreti- 

single  oystal.  Li  this  study,  in  order  to  control  crystal-melt  cally  studied  about  the  control  of  aystal-melt  interface  shape 

interface  shape,  the  effect  of  convective  phenomena  on  crystal-  and  proposed  the  correlated  equations  about  critical  crystal 

melt  interface  shape  during  growth  of  single  crystal  were  stud-  rotation  rate  under  various  conditions[l].  Li  this  study,  critical 

ied  experimentally.  crystal  rotation  rate  was  depend  on  die  Marangoni  number  and 

Single  crystals  of  lithium  niobate  were  grown  using  a  RF  good  agreement  b^een  the  jroposed  equation 

heated CZpuUerwithSOmmdiametercrucible.  During  growth  under  Marangc^  convection  dommmt  condmon  and  expen- 

of  crystals,  temperature  distributions  along  the  crucible  wall  results  TTus  sugg«md  that  Marmgoni  convection  was 

were  measured  using  thermocouples  and  the  weights  of  grown  ^  md  «  be  said  that  it  is  possible  to 

ciystals  were  measured  using  load  cell.  crystal-melt  interface  shape  accordmg  to  this  results. 

The  critical  crystal  rotation  rate  where  inversion  of  crystal-  [1]  Y.  Okano  et  al.,  7.  Chem.  Eng.  Japan  22  (1989)  389. 
melt  interface  occurred  were  evaluated  from  the  weight  change 
of  grown  single  crystal.  Melt  depth  almost  did  not  affect  the 


ORGANIC-ON-INORGANIC  SEMICONDUCTOR  MOLECULAR  BEAM  EPITAXY 

NorbertKarl 

3.  Physikalisches  Institut  dcr  Universitat  Smttgart,  Germany 


Organic  materials,  in  contrast  to  inorganic  materials,  pos¬ 
sess  the  potential  of  tremendous  structural  variability,  as 
Nature  has  clearly  demonstrated  in  living  beings.  Motivated 
therefrom  synthetic  chemistry  has  developed  methods  of  creat¬ 
ing  nearly  any  imaginable  molecular  structure  that  does  not 
contradict  elementary  physical  principles. 

Thus  it  has  been  possible  to  gradually  increase  the  conduc¬ 
tivity  of  organic  crystals  from  photoconduction  over  dark- 
semiconduction  to  high  quasi-metallic  conduction,  and  even 
organic  superconductors  were  found,  widi  a  slope  of  the  Tc 
versus  (calendar)  time  curve  much  steeper  than  for  any  other 
class  of  superconductors.  There  are  now  organic  ferroelectric 
and  ferromagnetic  materials,  and  crystals  exhibiting  optical 
nonlinearides  that  by  far  exceed  all  previously  known  values. 
Highly  selective  organic  electrochemical  and  electrophysical 
soisors  are  conceivable.  Besides  liquid  crystal  displays  and 
dispersed  electrophotogrqihy  composites,  che^  organic  mate¬ 
rials  may  soon  conquer  such  fields  as  thin  fflm  field  effect 
transistors,  solar  cells,  environmental  sensors,  electrooptical 
and  photochromic  optical  switch  and  memory  structures. 


This  contribution  will  trace  out  that  such  ideas  are  no  longer 
the  progeny  of  science  fiction  but  are  gradually  shqiing  iq> 
while  progress  is  evolving  in  small  but  firm  steps. 

Molecular  beam  qritaxy,  in  combination  with  ultra-high 
vacuum  and  with  the  surface  and  thin  film  analytical  tedi- 
niques  possible  therein  (e.g.  low  energy  electron  diffraction, 
LEED,  thermal  desorption  spectroscopy,  TDS),  ^rpears  to 
become  one  of  the  most  important  techniques  for  basic 
research  as  well  as  for  qiplicalion-oriented  development  in  this 
field.  Subsequent  further  characterization  of  the  produced  thin 
films  by  X-ray  diffiaction  and  X-ray  absorption  (NEXAFS),  1^ 
high  energy  electron  microscopy  and  diffraction,  as  well  as  by 
scarming  tunneling  microscopy  (STM)  proves  extremely  help¬ 
ful 

Specifically,  fundamental  aspects  of  organic  epitaxial  thin 
film  formation  on  inorganic  substrates  Uke  silicon,  grqihite, 
M0S2,  GeS  and  mica  will  be  discussed,  and  results  with  sub¬ 
stances  such  as  coronene,  ovalene,  hexa-peri-benzocmonene, 
petylene-3,4,9,10-tetracarboxylic-dianhydride  (“FTCDA”) 
and  palladium-}iithalocyanine:  iodine  will  be  presented. 
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GROWTH  OF  A  FIRST  ORGANIC  PHOTOREFRACTIVE  CRYSTAL 
J.  HuUiger  and  Y.  Schumacher 
Institute  of  Quantum  Electronics 
Swiss  Federal  Institute  of  Technology,  8093  Zflrich,  Switzerland 


Space  charge  induced  {diotorefracdve  effects  of  inorganic 
crystals  (e.g.  LiNb03,  Ba'n03,  KNb03,  GaAs)  are  known  for 
more  than  20  years.  Recent  growth  of  2-cyclooctylamino-5- 
nitropyridine  (COANP)  doped  by  derivatives  of  the  electron 
acceptor  7,7,8,8-tetracyanoquinodimethane  (TCNQ)  produced 
a  first  organic  photorefractive  single  crystal  [1,2].  Optical  qual¬ 
ity  crystals  of  pure  and  doped  COANP  were  obtained  either  1^ 
seeded  (dipped  or  pulled)  growth  from  a  supercooled  melt  [3,4] 
as  well  as  by  solution  growth  using  a  temperature  lowering 
procedure  assisted  by  a  laminar  flow  of  nutrient  directed 
toward  the  seed. 

Dissolution  of  TCNQ  at  80*C  in  a  su]}erheated  COANP 
melt  resulted  in  a  dark  green  nutrient,  containing  -1000  ppm  of 
[TCN(^2  ^  ^ttie  time.  Seeded  growth  at  supetcoolings  of 
0  J  - 1 .5  ‘C  yielded  transparent  olive-green  crystals  showing  an 
extra  optical  absorption  band  at  630  nm  typical  for  [TCN(2]2'^. 

In  contrast  to  solution  grown  pure  COANP  and  melt  grown 
pure  and  doped  COANP,  solution  growth  using  acetonitrile  and 


TCNQ  produced  habit-modified  (showing  (0  kl)  facets)  doped 
COANP  crystals  of  a  brownish-orange  colour.  For  various 
growth  media  COANP  typically  shows  faceting  only  for  (h  0 1) 
faces  and  fast  growth  proceeds  along  die  c-axis.  f^roelectric 
measurements  revealed  that  COANP  and  several  similar  polar 
crystals  (classes  mm2  and  2)  of  amino-nitro-pyridine/benzene 
systems  propagate  preferentially  along  the  electrically  negative 
end  of  the  polar  axis. 

[1]  K.  Sutter,  J.  HuUiger,  and  P.  Gllnter,  Solid  State  Commun. 
74, 867-870  (1990). 

[2]  K.  Sutter  and  P.  Gllnter,  J.  Opt  Soc.  Am.  B7,  2274-2278 
(1990). 

[3] J.  HuUiger,  Y.  Schumacher,  K.  Sutter,  O.  Bezina,  and  H. 
Ammann,  Afar.  Res.  Bull.  26, 887-891  (1991). 

[4] J.  HuUiger,  O.  Brezina,  and  M.  Ehrensperger,  J.  Cryst. 
Growth  106, 605-610  (1990). 


As  grown  (dive-green)  transparent  doped  COANP  cyrstals:  dipped  and  rotated  in  a  supercooled  melt  (left,  6  x  8  x  14  mm),  pulled  from  a 
supercooled  melt  (right,  8x8x12  mm). 
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HIGH  EFFICIENCY  AGILE  LASER  MATERIALS:  BINARY  ORGANIC  CRYSTALS 
N£.  Singh,  T.  Hertmngsen,  R.  Hamacher,  E£.  Supertzi,  RJi.  Hopkins  and  R.  Mazelsky 
Westinghouse  Science  and  Technology  Center,  Pittsburgh,  PA  15235 
FJC.  Hopkins  and  D£.  Zelmon 

Materials  Directorate,  Wright  Research  Laboratories,  Wright-Patterson,  AFB,  OH  45433 


Organic  crystals  have  shown  a  very  large  magnitude  of  higft 
order  polarizabilities.  This  offers  great  potential  for  dieir  appli¬ 
cation  as  the  second  harmonic  and  higher  order  harmonic  fre¬ 
quency  converters  in  the  short  wavelength  region.  For  these 
applications,  organic  crystals  with  a  low  optical  absorption, 
high  threshold  to  laser  power  damage,  a  high  homogeneity  in 
refractive  index  and  low  thermal  and  mechanical  strain  are 
required. 

We  have  carried  out  detailed  experiments  on  the  purifica¬ 
tion,  crystal  growth  and  characterization  of  pure  and  binary 
substituted  nifroanilines.  Crystals  grow  by  the  Bridgman 
method  showed  both  good  optical  quality  and  a  high  damage 


threshold.  For  exanqde  when  tested  up  to  100  MW/cm^  the 
crystals  showed  no  sign  of  any  detoriadorL  The  SHG  efficiency 
of  CNA-mNA  alloy  crystal  was  several  times  larger  than  pure 
compounds.  The  measured  values  project  an  efficiency  over 
75%  for  a  1  cm  crystal  operated  at  energy  densities  below  die 
damage  threshold  power.  These  results  will  be  compared  with 
those  for  existing  commercial  crystals  applied  to  the  conver¬ 
sion  of  1.06  micrometer  wavelength. 

We  are  grateful  to  Ms.  Debbie  Todd  for  preparing  the  sub¬ 
ject  matter.  The  financial  supported  by  Materials  Directorate, 
Wright  Laboratories  at  Wright-Patterson  AFB,  Ohio  is  grate¬ 
fully  acknowledged. 


THE  GROWTH,  STRUCTURAL  AND  OPTICAL  CHARACTERISATION  OF  LARGE  AREA, 
SINGLE  CRYSTALLINE  THIN  FILMS  OF  3-NITRO  ANILINE  (mNA) 

JH.  Sherwood  and  GS.  Simpson 
Department  of  Pure  and  Applied  Chemistry 
University  of  Strathclyde,  Glasgow  G1  IXL 


The  use  of  organic  matmals  in  opto-electronic  device  sys¬ 
tems  will  he  more  readily  achieved  if  the  organic  material  can 
be  prepared  in  the  form  of  single  crystalline  thin  fiilms  or  single 
crystal  cored  fibres.  The  classical  organic  non-linear  optical 
material  3-nitroaniline  (rtiNA)  has  been  used  as  a  model  com¬ 
pound  to  study  the  growth  of  such  materials  in  thin,  single 
crystalline  films. 

We  have  used  the  excellent  melt  stability  of  mNA  to  grow 
from  the  melt  phase  (under  ideal  conditions)  large  area  (1x6 
cm^)  films  which  vary  in  thickness  from  5-20  mm. 


The  use  of  the  Laue  X-ray  techruque  has  allowed  the  identi¬ 
fication  of  the  in-plane  film  orientation.  The  structural  perfec¬ 
tion  of  the  films  was  assessed  using  glancing  angle  X-ray 
topogrqthy. 

The  optical  cbaracteiisation  of  such  films  using  a  Maker 
fringe  experiment  has  allowed  a  value  for  the  d3i  coefficient  to 
be  measured. 
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CRYSTAL  GROWTH  AND  CHARACTERISATION  OFTHE  ELECTRO-OPTIC  MATERIAL, 
3-(l,l-DICYANOETHENYL)-I-PHENYL-4,5-DIHYDRO-lH-PYRAZOLE 
P.  Halfpenny  and  JJf.  Sherwood 

DepaiUnent  of  Pure  and  Applied  Chemistry,  University  of  Strathclyde,  Glasgow,  UK 
SJV.  Black,  RJ.  Davey  and  PJl.  Morley 
ICI  Chemicals  and  Polymers  Limited,  Research  and  Technology  Dqwrtment 
The  Heath,  Runcorn,  Cheshire,  UK 


There  is  currently  considerable  interest  in  the  development 
of  organic  non-linear  optic  materials  which,  compared  to  their 
inorganic  counterparts,  have  greater  non-linearities  and  the 
prospect  of  higher  optical  damage  thresholds.  The  title  com¬ 
pound  has  recently  been  the  subject  of  an  extensive  study  (1) 
including  molecular  design,  crystal  structure,  and  electro-opdc 
characterisatioiL  The  material  crystallises  in  the  non-centric 
space  group  Cc  and  exhibits  a  polar  morphology  which  in 
common  with  many  other  organic  crystals  varies  with  growth 
solvent  (2).  This  contribution  deals  with  the  growth  kinetics 
and  morphology  of  this  material  grown  from  ethyl  acetate  and 


toluene  solutions.  Morphological  predictions  have  been  made 
using  molecular  mechanics  calculations  and  dte  effect  of  sol¬ 
vent  on  growth  along  the  polar  axis  has  been  used  to  make  an 
absolute  assignmenL  Characterisation  of  seed  and  as  grown 
crystals  has  been  made  by  selected  volume  Laue  diffractirm 
and  X-ray  section  topogrq>hy. 


1.  S.  Allen,  et  al  J Appl  Phys  64  (1988)  2583. 

2.  RJ.  Davey,  Current  Topics  in  Materials  Science  8  (1982) 
428. 


ZnGePj  CRYSTAL  GROWTH  STUDIES  USING  THE  HORIZONTAL 
GRADIENT  FREEZE  TECHNIQUE 
P.G.  Schunettumn  and  TM.  Poliak 
Lockheed  Sanders,  Inc. 

MERlS-1813,  P.O.  Box  868,  Nashua,  NH  03061-08t>8 


Large,  high  optical  quality  ZnGeP2  crystals  have  been  suc¬ 
cessfully  grown  using  the  horizontal  gradient  freeze  technique. 
Crack-free  boules  up  to  19nun  in  diameter  by  140nun  in  length 
exhibited  superior  optical  uniformity  and  lower  mid-infrared 
losses  than  the  best  results  reported  to  date,  allowing  optical 
parametric  oscillation  to  be  demonstrated  for  the  first  time  in 
this  material.  Further  improvements  in  the  reproducibility  of 
the  growth  process  are  required,  however,  in  order  to  make 
ZnGeP2  readily  available  for  tunable  mid-infrared  laser  appli¬ 
cations. 

Crystal  growth  of  ZnGeP2  is  complicated  by  a  number  of 
factors.  Thermal  expansion  coefBcients  along  the  a-  and  c-axes 
differ  by  nearly  a  factor  of  two,  and  this  anisotropy  often  leads 
to  severe  cracking,  particularly  in  twiimed  or  polycrystaliine 
boules.  Cracking  can  be  minimized  if  low  thermal  gradients  are 
used,  but  these  conditions  not  only  make  seeding  difficult  but 
also  tend  to  favor  a  concave  soIid/Uquid  interface,  which 
allows  secondary  grains  nucleated  at  the  container  wall  to  grow 


in  toward  the  center  of  the  boule.  Low  thermal  gradients  also 
simplify  stoichiometry  corttrol,  which  is  vital  to  the  final  opti¬ 
cal  properties,  minimizing  vapor  iran^rt  of  the  volatile 
components  (zinc  and  phosphorus). 

The  above  trade-offs  were  evaluated  by  studying  the  effects 
of  longitudinal  and  radial  temperature  gradients,  growth  rate, 
arxi  boat  material  and  geometry  on  the  drape  of  the  solid/liquid 
interface  and  the  incidence  of  secondary  nucleahon.  Solid/liq¬ 
uid  interface  shapes  were  determined  l^  quenching  experi¬ 
ments  as  well  as  by  in  situ  observations  using  a  transparent 
furnace.  The  results  of  this  investigation,  and  their  implications 
for  the  growth  of  ZhGeP2  and  related  compounds,  will  be 
discussed. 


Work  supported  by  Wright  Laboratory  Materials  Directorate 
(WL/MLPO),  Wright  Patterson  AFB,  Contract  No. 
F33615-88-C-5438. 
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NEW  APPROACHES  TO  NONLINEAR  OPTICAL  MATERIALS 
Martin  Fejer 
Stanford  University 


The  development  of  media  useful  for  nonlinear  optical  fre¬ 
quency  conversion  of  moderate  power  solid  state  pump  souLces 
has  been  driven  by  continuing  improvements  in  diode  laser 
technology.  Interactions  such  as  waveguide  second  harmonic 
generation  of  blue  light  and  resonant  bulk  devices  put  strict 
requirements  on  nonlinear  crystals  that  are  often  difficult  to 
meet  with  conventional  media.  The  factor  that  limits  the  range 
of  applicability  of  a  giver  material  is  generally  the  combination 
of  dispersion  and  birefringence  necessary  for  phasematching.  A 
method  for  circumventing  this  phasematching  requirement  is 
thus  of  considerable  practical  interest. 

Quasi-phasematching  (QPM)  entails  the  use  of  periodic 
modulation  of  the  nonlinear  susceptibility  to  compensate  for 
the  velocity  difference  due  to  dispersion,  and  hence  can  be 
applied  independent  of  the  birefringence  of  the  medium. 
Essentially  any  interaction  in  the  transparency  range  of  the 
medium  can  be  phasematched  by  this  means,  using  any  of  the 
components  of  the  nonlinear  susceptibility  sensor  (including 
the  large  diagonal  components  inaccessible  to  birefringent 
phasematching).  The  difficulty  in  applying  QPM  is  the  short 
spatial  scale  (typically  several  microns)  needed  for  the  modula¬ 
tion  of  the  nonlinear  susceptibility,  which  in  most  cases  pre¬ 


cludes  the  conceptually  simplest  implementation,  slicing  a 
crystal  into  thin  plates  and  rotating  every  other  plate  by  180*. 

Practical  QPM  requires  a  monolithic  technique  for  pattern¬ 
ing  the  nonlinear  susceptibility  of  the  mediunu  Over  the  past 
three  years,  rapid  progress  has  been  made  by  several  groups  in 
the  use  of  ferroelectric  crystals  with  periodically  reversed 
domains  for  QPM  in  both  waveguide  and  bulk  interactions.  In 
this  talk,  techniques  for  patterning  the  ferroelectric  domains 
LiNb03,  LiTaOs,  and  KTP  are  reviewed,  along  with  results  for 
visible  and  IR  generation  in  waveguides,  including  recent 
reports  of  milliwatts  of  blue  light  second  harmonic  genera¬ 
tion  (SHG)  and  tunable  2  pm  generation  by  differencing  near 
infrared  sources.  Bulk  periodically  poled  crystals,  and  their 
application  to  generation  of  as  much  as  2  watts  of  visible 
radiation  by  SHG  will  also  be  described.  Other  media  with 
pattemable  nonlinear  susceptibilities  including  polymer  and 
semiconductor  films,  will  also  be  discussed. 

These  media  are  “generic”  in  the  sense  that  standard  pro¬ 
cessing  techniques  applied  to  an  available  material  allows  it  to 
be  efficiently  aj^lied  to  a  broad  range  of  interactions.  It  is 
likely  that  a  few  such  media  will  be  able  to  satisfy  the  require¬ 
ments  for  most  nonlinear  devices. 
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THM  GROWTH  OF  BINARY  AND  TERNARY  IH-V  SEMICONDUCTOR 
SINGLE  CRYSTALS 
K.W.  Benz 

Krisullographisches  Institut,  Univeisitfit 
D-7800  Freiburg,  Germany 


The  Travelling  Heater  Method  uses  a  liquid  zone  between  a 
substrate  ciystal  and  a  polycrystalline  feed.  m-V-Semiconduc- 
tor  single  crystals  can  be  grown  by  taking  a  metallic  solutiui. 
zone  of  group  III  elements. 

Binary  crystals  e.g.  GaSb,  InP,  GaAs  have  been  grown  at 
temperatures  ranging  from  500*C  (GaSb)  up  to  950'  (GaAs) 
with  growth  rates  of  about  2  mm  (T^  Undoped  crystals  up  to  2S 
mm  diameter  and  several  cm  in  length  exhibit  the  quality  of 
liquid  phase  epitaxial  layers.  Highly  doped  crystals  like  InP:S 
or  GaAs.'Zn  were  used  to  study  the  behaviour  of  the  formation 
of  kinetic  t3q)e  Il-striations,  which  is  strongly  governed  by  the 
off-orientation  of  the  phase  boundary  solid/liquid,  the  tempera¬ 


ture  gradient  at  the  interface  and  the  growth  velocity.  The 
striations  type  1  due  to  time  dqrendent  convection  in  the  solu¬ 
tion  zone  were  analysed  to  study  the  influence  of  an  axial 
magnetic  field  up  to  0,44  Tesla  on  thermal  and  solutal  flow 
phenomena  in  the  liquid  zone. 

Bulk  ternary  BI-V’s  like  Al^Gai.^Sb  were  successfully 
grown  with  a  diameter  of  25  mm  and  a  length  of  more  the  25 
mm  and  a  AlSb  solid  composition  x  in  the  range  of  0,1  to  0,8. 
Results  will  be  given  on  the  structure  and  composition  of  the 
ternary  feed  material  as  well  as  on  growth  parameters  and  the 
axial  and  radial  Al-concentration  in  the  grown  crystals. 


GROWTH  OF  AlxGai.,Sb  AND  GaSb  BULK  CRYSTALS  WITH  UQUID 
PHASE  ELECTRO  EPITAXY  (LPEE) 

G.  Bischopink  and  K.W.  Benz 
Kristallographisches  Institut  und 
Freiburger  Material-Forschungszentrum,  Univcrsitkt  Freiburg 
Hebelstra^  25  D-7800  Freibuig,  Fed.  Rep.  of  Germany 


In  liquid  jdiase  electro  epitaxy  (LPEE),  the  material  trans¬ 
port  of  the  diluted  compounds  in  the  metallic  solution  zone  is 
irutiated  and  sustained  by  passing  a  direct  electrical  current 
across  the  solution  zone  and  the  substrate-solution  interface. 
The  growth  temperature  of  the  whole  system  is  constant  during 
growth.  The  mechaiusm  of  material  transport  bases  on  Peltier 
cooling  at  the  substrate-solution  interface  and  on  elecbomigra- 
tion  of  the  dissolved  compounds  in  the  solution  zone.  The 
growth  is  mainly  governed  by  electromigration,  whereas  Pelt¬ 
ier  cooling  produces  an  appreciable  part  of  the  growth  velocity 
at  the  beginning  of  growth. 

We  report  the  growth  of  bulk  Al^Gaj.jSb  and  GaSb  crystals 
with  a  layer  thickness  of  more  than  3  mm  with  LPEE  from  a 
mathematical  description  which  bases  on  the  time  dependent 
transport  equation  including  electromigration. 

A  growth  cell  configuration  was  developed  which  allows 
growth  of  bulk  crystals  by  using  GaSb  or  (Al.Ga)Sb  feed  mate¬ 


rial.  The  LPEE  qtparatus  has  a  vertical  setup  to  avoid  thermal 
non  symmetries  in  axial  and  radial  direction.  The  crystals  were 
grown  with  a  Ga  rich  solution  zone  at  U  mperatures  of  500  and 
550’C,  the  current  density  ranged  from  2  to  15  A/cm^.  The 
growth  velocity  (0.1  to  1.0  mm/day)  depends  in  a  linear  way 
from  the  current  density.  GaSb  substrates  were  used  with 
(111)B  and  (100)  orientation  and  diameter  of  IS  mm.  The 
substrates  had  a  thickness  of  5  mm  to  establish  a  homogeneous 
current  density  through  the  substrate-solution  interface  caused 
by  an  inhomogeneous  electrical  resistivity  distribution  inside 
the  substrate.  The  grown  crystals  were  characterized  with  x-ray 
microprobe  analysis,  spatially  resolved  photoliuninescence  and 
by  Hall  measuronents.  The  Al^Gai.^Sb  crystals  had  a  constant 
AlSb  solid  composition  in  axial  and  radial  direction.  Detailed 
information  about  the  layer  surface  morphology,  measurement 
results  and  growth  parameters  will  be  given. 
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InGaAs  MIXED  CRYSTALS  GROWN  BY  GRADIENT  FREEZE,  AND 
ROTARY  BRIDGMAN  METHODS 

Y.  Hayakawa,  M.  Ando,  T.  Ozawa,  TJ.  Anderson*,  PM.  Holloway*,  B.  Pathangey*  and  M.  Kumagawa 
Research  Insticute  of  Electronics,  Shizuoka  University, 

Johoku  3-S-l,  Hamaniatsu-shi,  Shizuoka  432,  Japan 
^University  of  Florida,  Gainesville,  FL  32611,  USA 


ZnSe  is  a  semiconductor  with  a  wide  direct  energy  gap  (2.7 
eV)  at  room  temperature  and  is  suitable  for  blue  li^  emitting 
diodes,  lasers  and  other  opto-electronic  devices.  GaAs  has 
been  mainly  used  as  a  substrate  for  ZnSe,  but  there  exists  a 
0.27%  lattice  mismatch  between  them.  As  this  mismatch 
causes  the  generation  of  many  dislocations  and  defects,  the 
quality  of  ZnSe  layers  becomes  poor.  In^Gex.^As  can  be 
adjusted  its  lattice  constant  to  that  of  a  ZnSe  layer  by  control¬ 
ling  the  In  composition  ratio  (x).  However,  it  is  very  difficult  to 
obtain  large  mixed  crystals  in  a  single  crystalline  state,  because 
the  constitutional  supercooling  is  easy  to  occur  ahead  of  a 
growth  interface. 

This  p^>er  describes  growth  morphologies  and  In  composi¬ 
tion  profiles  in  In^Gai.^As  mixed  crystals  grown  by  three 
methods.  One  method  is  a  Gradient  Freeze  method  (GFM). 
The  temperature  of  the  fiimace  was  kept  constant  The  solute  is 


transported  toward  the  interface  under  the  terrqieratUTe  gradi¬ 
ent,  and  the  crystal  is  grown.  Second  method  is  a  Vertical 
Bridgman  Mediod  (VBM).  The  crystal  growdt  is  trtade  under 
the  supersaturaiion  by  lowering  the  growth  temperature.  Third 
method  is  a  Rotary  Bridgman  Method  (RBM)  which  has  been 
developed  by  us  for  die  first  time.  A  growth  ampoule  is  rotated 
at  high  speed  and  then  the  growth  is  made  by  tenqierature 
region. 

In  conclusion,  the  In  composition  profile  was  uniform  in 
crystals  grown  by  GFM.  In  cases  of  A^M  and  RBM,  the  In 
compwsitions  were  gradually  lowered  as  the  crystal  grew.  The 
hi  composition  gradient  with  respect  to  the  grown  distance  was 
0.02Anin  for  the  VBM,  and  was  0.009hnm  for  the  RBM.  The 
high  rotation  of  the  growth  ampoule  improved  the 
inhomogeneity  of  the  crystal. 


GROWTH  AND  CHARACTERIZATION  OF  GaSb  SINGLE  CRYSTALS 

Frantisek  Moravec 

Institute  of  Physics,  Czechoslovak  Academy  of  Sciences 
Cukrovamicki  10, 162  00  Prague  -  6,  Czechoslovakia 


The  GaSb  single  crystals  are  very  important  material  as 
substrates  for  semiconductor  lasers  and  detectors  working  in 
the  long  wavelengths  infiraregion  (X,  2  l.S  pm).  A  comparative 
study  on  the  growth  of  GaSb  single  crystals  resulted  in  a  con¬ 
clusion  that  the  most  advanUgeous  ir'  ’  .ns  to  be  the 
Czochralski  method  with  hydrogen  atmos(«.w>e.  The  influence 
of  different  orientation  of  seed  on  the  Czochralski  crystal 
growth  of  GaSb  was  invesdgated  and  was  concluded  that  the 
tendency  to  polycrystalline  growth  and  twinning  increase  in 
the  following  maimer:  <111>,  <112>  and  <10Q>. 

The  GaSb  single  crystals  are  of  high  chemical  purity.  The 
GaSb  samples  were  measured  by  means  of  spark  source  mass 
spectroscopy.  The  concentration  of  all  elemeros  contained  in 
crystals  with  the  exception  of  oxygen  and  nitrogen  is  under  I 
ppm.  Dislocations  in  the  <111>  GaSb  crystals  were  examined 
by  chemical  etching.  It  has  been  found  that  the  dislocation 
density  is  not  spread  uniformly  on  the  surface  of  the  samples. 


There  were  places  on  GaSb  wafers  where  no  etch  pits  were 
found,  but  some  dislocations  were  usually  observed  near  the 
edge  of  the  wafers  where  agglomerations  of  dislocations  were 
formed.  The  average  etch  pit  density  is  under  100  cm'^  for  all 
grown  <11 1>  GaSb  single  crystals. 

Crystals  grown  from  nearly  stoichiometric  melts  yield  the 
constant  hole  concentration  1  -  3xl0”  cm’^  whereas  Sb-rich 
melt  growth  reduces  the  conceruration  from  IxlO’^  cm‘^  to 
3x10  cm'  .  Indium  and  nitrogen  as  isovalent  dopants  does 
not  affect  substantially  the  concentration  of  ruttural  acceptors 
which  are  the  main  source  of  the  room  temperature  hole  con¬ 
duction  in  GaSb  crystals.  The  electrical  and  optical  methods 
support  the  conclusion  that  the  residual  acceptors  in  GaSb  have 
a  more  complicated  structure  based  on  Vo^Gasb  coittplex. 
Finally,  some  potentially  useful  techniques  for  the  modification 
of  residual  concentration  of  ruttural  accqrtors  will  be  presented. 
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NON-INVASIVE  BULK  CHARACTERIZATION  OF  GaAs  AND  Si  WAFERS 

AF.Witt 

Dquirtment  of  Materials  Science  &  Engineering 
Massachusetts  InsdtiUe  of  Technology 
Cambridge,  MA  02139 


Recent  results  are  reported  on  non-invasive,  macro-  and 
micro-scale  bulk  defect  analyses  of  GaAs  and  Si  wafers.  The 
characterization  is  based  on  NIR  transmission  microscopy 
(bright  field,  dark  field  and  phase  contrast)  in  conjunction  with 
computational  image  analysis.  The  properties  being  investi¬ 
gated  include,  micro  and  macro-segregation  of  dopant  (quanti¬ 
tative),  residual  stress  dislocations  (in  doped  and 
semi-insulating  material),  precipitates,  surface  damage,  aimeal- 


ing  effects  and  ion  implantation  effects.  Time  requirement  for 
an  analysis  is  in  the  fractional  second  range.  Transmission  data 
are  digitaUy  stored  and  can  be  used  for  correlation  analyses 
with  defects  introduced  during  early  device  processing  stages 
and  ultimately  through  comparison  with  device  performance 
and  yield  for  the  determination  of  qiplication  based  property 
requironents.  Approaches  to  the  implementation  of  this  analy¬ 
sis  in  a  fab-line  environment  are  discussed. 


DISLOCATION  DISTRIBUTION  ON  X-RAY  TOPOGPAPHS:  RESIDUAL  STRAIN  AND 
COMPOSITION  AND  IMPURITY  EFFECT  IN  LEC  GaAs  CRYSTALS  ON 
THRESHOLD  VOLTAGE  SCATTERING  ON  THE  SUBSTRATES 
Yasuyuki  Saito 

Microelectronics  Center  in  Tamagawa  Works,  Toshiba  Corp. 

1,  Komukai  Toshiba-cho,  Saiwai-ku,  Kawasaki  210,  Jq>an 


We  have  analyzed  dislocation  effect  in  liquid-encapsulated- 
Czochralski-technique  (LEC)  grown  crystal  boules  on  thresh¬ 
old  voltage  (Vth)  of  Si-implanted  metal-semiconductor- 
field-effect-transistors  (MESFETs).  The  interesting  contrasts  of 
the  dislocation  distributions  on  the  X-ray  Lang  topogrsphs 
with  the  Vth  scatterings  across  [110]  direction  have  been 
obtained  though  there  were  some  contrasts  of  noncorrelation 
between  the  dislocation  distributions  and  the  Vth  scattering 
disoibutions  [1,2,3,4].  For  example,  one  of  the  topographs 
shows  a  four-fold-symmetrical  pattern  such  as  shown  in  the 
previous  report.[5]  The  interesting  contrasts  have  been  ana¬ 
lyzed  as  follows. 

Vth  variation  means  the  variation  of  implanted-Si-atom 
occupation  ratio  of  Ga-site  Si  atom  concentration  [Sio,]  to 
As-site  Si  atom  [Si^s]  in  the  GaAs  crystals  of  conductive  chan¬ 
nel  layers  of  the  Si-implanted  MESFETs.  The  occupation  ratio 
[Si<3a][SiA(]'^  depends  on  the  structures  of  neighboring  GaAs 
crystal  cells  on  the  implanted  Si  atoms  through  the  bond  length 
of  a  cell  as  the  representative  p)arameter  of  the  GaAs  crystal  on 
the  thermal  equilibrium  condition  for  thermal  annealing.[6] 
Therefore,  Vth  distribution  reflects  GaAs  crystal  cell  structure 
variation  rather  than  impurity,  such  as  carbon,  distribution  if 
the  impurity  concentration  is  low.  The  distribution  of  the  cell 
structure  variation  depends  on  residual  strain  distribution 
involving  composition  distribution  and  impurity.  We  found  that 
As-rich  non-stoichiometry  effect  in  As-r.ch-melt  LEC-grown 
crystals  pins  residual  strain  distribution  effect  of  dislocation  on 
Vth  scattering  distribution  as  shown  in  Fig.  1. 

We  will  present  the  contrasts  of  the  dislocation  distributions 
with  the  Vth  distributions  and  the  analyzed  results  for  the 
interesting  contrasts  from  viewpoints  of  induced  residual  strain 
involving  composition  and  impurity  during  LEC  bottle  growth. 
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NOVEL  APPROACHES  TO  CRYSTAL  GROWTH  OF  BULK  TERNARY  SOLID  SOLUTIONS 
JJ.  Venkrbec\  Z.  CecU\  V.  Rosicka^.  J.  Kohoup-,  J.  Sedlacek\ 

2.  KodejP  and  P.  Pacal? 

^Czech  Technical  University  in  Prague,  Fac.  Electr.  Eng.,  16627  Prague  6 
^Inst  of  Radioelectionics 
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This  work  can  partially  contribute  to  the  direct  growth  of 
bulk  substrate  crystals  of  TSS  (Ternary  Solid  Solutions)  - 
(GaJn)Sb  -  with  a  lattice  parameter  “a”  constant  throughout 
the  significant  part  of  the  ingot  length.  The  combination  of  our 
original  methods  CAM-S  (A  Crystallization  Method  Providing 
Composition  Autocontrol  in  Situ)  and  COM-S  (Calculation 


Method  of  Optimal  Molten-Solution  Composition)  with  a 
vibrational  stirring  enables  to  grow  crystalline  ingots  with  “a” 
apriori  chosen  and  calculated  -  having  the  deviation  from  its 
constancy  less  than  0.033  %  (0.2  ppm)  on  die  75  mm  of  a 
length.  Crystals  possess  mosaic  structure,  at  this  stage. 


MATHEMATICAL  MODELLING  AND  CONTROL  SYSTEM  DESIGN  OF 
THE  CZOCHRALSKI  AND  LEC  PROCESS 
GA.  Satunkin  and  A.G.  Leonov 
USSR 


In  the  work  is  preposed  a  new  digital  control  system  design 
based  on  a  low  order  mathematical  model  (LOM)  of  CZ  and 
LEC  growth  and  weighing  measurements  [1]. 

Theoretical  analysis  of  heat  conditions  in  the  meniscus  and 
crystal  part,  and  their  changes  during  the  deviation  bom  sta¬ 
tionary  growth  using  asymptotic  expansion  make  it  possible  to 
get  the  variation  of  the  overage  axial  temperature  gradients 
near  the  crystallization  front.  Take  into  consideration  also  the 
presence  of  a  variable  buoyancy  force  component  in  the  output 
weighing  signal  we  get  the  generalized  non-stationary  LOM  by 
LEC  with  weighing  control. 

The  control  system  for  C'Z  process  make  full  use  of  LOM 
and  realized  the  more  complicated  criterion  of  controlling  qual¬ 
ity  -  limitation  of  crystallization  rate  variatiotL  In  the  case  was 
used  optimal  parametric  (PID)  multi-chatmel  regulators  [2]. 


For  LEC  process  has  been  explain  the  difficulty  using  of  PID 
regulators  aixl  preposed  a  new  control  system  based  on  the 
identification  of  state  variable  vector  wit  a  he^  of  observers, 
and  adjustment  in  optimal  state  regulator  class.  Also  was  inves¬ 
tigated  the  question  of  full  observability  and  controllability  in 
the  close  state  take  into  account  the  delayed  components  in 
output  weighing  signal.  Heat  inertia  means  corrections  of  con¬ 
trol  object  and  determination  of  variable  delay  time  in  observa¬ 
tion  signals  have  been  completed  the  digital  system  design  for 
LEC  process  with  weighing  measurement  only. 

1.  GA.  Satunkin.  A.G.  Leonov,  /.  Crystal  Growth  102  (1990) 
592. 

2.  GA.  Satunkin,  S.N.  Rossolenko,  Cryst.  Res.  Technol.  21 
(1986)  1125. 
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Epitaxial  layers  of  high-temperature  superconductors 
(HTSC)  and  multilayer  structures  are  required  for  numerous 
potential  applications  and  for  fundamental  physical  investiga¬ 
tions  of  HTSC  phenomena.  Although  HTSC  layers  with  high 
Tc  and  with  rematitable  critical  current  densities  have  been 
achieved,  really  single-crystalline  epitaxial  layers  with  required 
surface  flamess  could  not  be  obtained  so  far[l].  For  once,  there 
are  limitations  in  the  experimental  conditions  of  the  mostly 
preferred  {diysical  deposition  teclmiques  like  sputtering,  laser 
ablation,  MBE.  Another  limiting  factor  are  the  substrates:  no 
substrate  material  is  available  which  would  allow  layer-by- 
layer  growth  (as  required  for  achieving  quasi  atomically  flat 
surfaces),  which  has  a  misfit  of  less  than  0.1%  and  a  tolerable 
thermal  expansion  coefficient  Other  requirements  for  HTSC 
substrates[2]  are  1)  no  twinning  due  to  structural  phase  transi¬ 
tions,  2)  chemical  interface  stability  during  epitaxial  growth,  3) 
congruent  melting  between  1600’  and  2100‘C  for  Czochralski 
growth,  and  4)  specific  dielectric  properties/microwave  losses 
dependent  on  the  application.  The  combination  of  these 
requirements,  especially  however  the  misfit  conditions,  make 
search  for  optimized  substrates  quite  difficult 

Perovskite-type  compound,  ABO3  offer  the  flexibility  of 
mixed  cations  on  the  B-site[3],  of  doping  on  the  A-site[4].  arid 
of  complex  solid  solutions  on  both  sites[5].  Drawbacks  horn 
these  approaches  arise  fiom  the  complexity  of  the  composi¬ 
tions  and  from  the  difficulty  of  economic  growth  of  sufficiently 
homogeneous  crystals.  Another  approach  is  growth  of  simple 
perovskite  crystals  like  LaGa03,  NdGa03,  PiGa03[2]  and  to 
solve  the  twiiming  problem  (leading  to  surface  corrugations 


and  deterioration  of  HTSC  properties[6])  by  a  de-twinning 
procedure[7].  So  far,  PiGa03  could  not  be  grown  to  good 
quality  [8]. 

As  nearly  all  perovsldtes  show  structural  jAiase  transitions, 
the  potential  of  non-perovskite  structure  families  should  be 
explored  for  finding  optimized  substrates.  For  example,  the 
K2NiF4  and  the  gehlenite  (ABC3G7)  structures  have  been  stud- 
ied[2]  by  crystal  chemical  (theoretical)  considerations  and  by 
experimental  syntheses  and  lattice-parameter  determinations. 
More  efforts  are  still  required  to  solve  the  substrate  and  the 
buffer  layer  problems  for  HTSC  epitaxy  and  for  a  combined 
HTSC-semiconductor  technology. 
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CONGRUENT  COMPOSITION  FOR  GROWTH  OF  LANTHANUM  ALUMINATE 
G.IP.  Berkstresser,  AJ.  Valentino  and  CD.  Brandle 
AT&T  Bell  Laboratories,  Murray  Hill,  NJ 


Single  crystals  of  lanthanum  aluminate  have  qiplication  as 
a  substrate  for  deposition  of  thin  films  of  the  high  temperature 
superconductors.  Initial  trials  at  Czochralski  growth  of  this 
material  revealed  that  only  a  small  fraction  of  a  stoichiometric 
melt  may  be  crystalized  before  the  onset  of  inclusions  or  voids 
at  the  growth  interface.  The  composition  of  lanthanum  alumi¬ 


nate  Czochralski  grown  crystals  was  analyzed  using  X-ray  flu¬ 
orescence  with  a  special  procedure  for  sample  prqjaration.  The 
crystal  composition  was  found  to  be  non-stoidiiometric,  with 
0.987  gmoles  of  La  per  gmole  of  Al.  Crystal  growth  frmn  melts 
covering  this  composition  range  have  confirmed  that  die  great¬ 
est  yield  of  good  material  comes  with  the  above  composition. 
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VERTICAL  GRADIENT-FREEZE  GROWTH  OF  ALUMINATE  CRYSTALS  TO  PROVIDE 
SUBSTRATES  FOR  HIGH-TEMPERATURE  SUPERCONDUCTING  FILMS 
R.E.  Fahey,  AJ.  Strauss  and  A.C.  Anderson 
Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massiashusetts  02173-9108 


With  the  objective  of  developing  improved  substrates  for 
the  deposition  of  thin  films  of  YBa2Pi30j  ( YBCO)  other  high- 
Tf  superconductors,  we  have  been  investigating  the  use  of  the 
vertical  gradient-freeze  (VGF)  method  for  growing  crystals  of 
two  types  of  aluminates:  (1)  the  rare  earth  orthoaluminates 
LaA103,  NdAlC)3  and  DyA103,  and  (2)  the  mixed  aluminates 
SrAloj03TAo.s03  (SAT)  and  SrAlojiNbo.5C)3  (SAN),  which 
are  cubic  perovsldte  analogs  of  SiTi03  in  which  half  the  Ti^ 
ions  are  replaced  by  Al^^  ions  and  the  other  half  by  or 
Nb^  ions.  Single  crystals  of  LaA103  and  DyA103  up  to  3  cm 
in  diameter  and  NdA103  up  to  S  cm  in  diameter  have  been 
grown  by  the  VGF  method  is  sealed  tungsten  crucibles.  Melt 
growth  of  NdA103  and  DyA103  crystals  has  not  been  reported 
previously.  The  growth  charges  are  prepared  by  melting  stoi¬ 
chiometric  mixtures  of  AI2O3  and  the  rare  earth  oxide  in 
molybdenum  crudbles.  Initially,  we  used  the  VGF  method  for 
LaA103  with  the  goal  of  avoiding  the  extensive  twinning  that 
occurs  in  Czochralski-grown  crystals  as  a  consequence  of  the 
transition  that  occurs  at  ~500*C  from  the  high-temperature 
cubic  form  to  the  thombohedral  form  that  is  stable  at  room 
temperature.  The  VGF  crystals  are  water  white,  not  yellowi^ 
or  brownish  like  most  Czochralski-grown  LaA103  crystals,  but 
are  still  heavily  twinned.  The  VGF  ciystals  NdAIC)3,  from 
which  the  cubic-to-rhombohedral  transition  occur  at  -ISOO’C, 
are  also  heavily  twinned.  In  contrast,  the  pyA103  crystals  are 
not  twirmed.  because  DyA103  (like  NdGa03)  is  orthorhombic 
at  all  temperatures.  Thin  films  of  YBCO  with  T^  of  90  K  and 
low  values  of  normal-state  resistivity  have  been  grown  by  off- 
axis  magnetron  sputtering  on  substrates  cut  from  crystals  of  all 
diree  orthoaluminates.  From  experiments  on  a  stripline  resona¬ 
tor  fabricated  with  YBCOyNdAlOs  components,  the  dielectric 


constant  of  NdA103  was  found  to  be  17.S,  compared  with  23 
for  LaAlOs,  but  the  loss  tangent  is  much  higher  for  NdA103, 
probably  because  of  magnetic  transitions  of  the  Nd^*^  ions.  We 
also  plan  to  measure  the  dielectric  properties  of  DyAlC>3  by 
means  of  the  resonator  method. 

The  compounds  SAT  and  SAN,  which  were  Hrst  rqxtrted  in 
1990  [1],  have  recently  been  obtained  in  single-oystal  form  by 
pulling  fibers  from  melts  produced  by  laser  heating  [2].  To 
prepare  charges  for  VGF  growth  of  diese  materials,  stoidtio- 
metric  ntixtures  of  StCP3,  AI2O3,  and  either  Ta205  or  I^Qs 
are  fired  in  air  at  ~1S00*C  in  alundum  crucibles,  then  melted 
under  argon  in  molybdenum  crucibles.  Two  unseeded  growth 
runs,  one  on  each  compound,  have  been  made  to  date.  Both 
yielded  large-grained  poly  crystalline  boules.  X-ray  diffraction 
data  for  these  slowly  cooled  boules  indicate  that  the  Al^  and 
Ta**  ions  in  SAT  are  strongly  ordered,  while  the  Al^  and  Nb*'*’ 
ions  in  SAN  are  only  weakly  ordered.  We  anticipate  m  major 
difficulty  in  growing  single  crystals  with  dimensions  large 
ertough  to  permit  evaluation  of  these  compounds  as  substrate 
materials  for  high-T^  films. 

This  work  was  conducted  under  tire  auspices  of  the  Consor¬ 
tium  for  Superconducting  Electronic  with  support  by  the 
Defense  Advanced  Research  Projects  Agency  (Contract 
MDA972-90-C-0021). 


[IjC.D.  Brandle  and  VJ.  Fratello,  J.  Mater.  Res.  S,  2160 
(1990). 

[2]  L£.  Cross  and  R.  Ray,  Third  Armual  DARPA  Wodcshop  on 
High-Temperature  Superconductivity,  Seattle,  WA, 
September  30  -  October  2, 1991. 


MICRO  AN  ALYTICAL  CHARACTERIZATION  OF  FLUX  GROWN 
LaAlO]  SINGLE  CRYSTALS 
Ashok  K.  Razdan  and  PN.  Kotru 
Department  of  Physics,  University  of  Jammu 
Jammu  Tawi.  180  001  Itrdia 
BM.  WanJdyn 

Dqiartment  of  Physics,  Clarendon  Laboratory 
University  of  Oxford,  Oxford,  0X1  3PU  England 


Results  of  scanning  electron  microscopic  and  energy  dis¬ 
persive  X-ray  analytical  studies  conducted  on  some  micro- 
structures  displayed  by  the  virgin  (as-grown)  and  polished 
surfaces  of  single  crystals  of  LaA103  are  described.  The  crys¬ 
tals  are  grown  from  a  PbO-PbFj  flux.  Some  irregular 
rtticroelevations  suffering  elemental-compositional  changes  are 
noticed  on  the  virgin  surfaces.  A  few  sptecffic  microregions  are 
found  to  be  deficient  in  rare  earth  ion;  its  replacement  by  lead 
gives  rise  to  the  secondary  crystallization  of  lead  compounds. 


Also  evinced  is  the  deposition  of  platinum,  and  its  traces  are, 
albeit,  accompanied  solidified  flux.  The  rtticroareas  of  pol¬ 
ished  surfaces  also  vindicate  the  formation  of  lead  compounds, 
atxl  thereby  results  in  their  trapping  in  the  oystal  as  itKlusions. 
The  de{x>sitions  of  lead  compounds  and  platinum  on  tiie  virgin 
surface  and  the  formation  of  former  on  the  polished  surface 
during  the  flux  growth,  and  their  implications  on  the  crystal 
perfection  are  discussed. 


ANOMALIES  IN  CRYSTAL  GROWTH  BY  CZOCHRALSKI  TECHNIQUE 
A.  Pajaczkowska^  and  P.  ByszewskP 
*Institute  of  Physics,  Polish  Academy  of  Sciences.  02-668  Warsaw,  Poland 
institute  of  Electronic  Materials  Technobgy,  01-919  Warsaw,  Poland 


In  the  Czochralsld  technique  the  flat  crystal/melt  interface 
is  used  in  growth  the  best  quality  single  crystals.  In  our  case  the 
interface  of  grown  crystals  is  strongly  convex  formed  by  crys¬ 
tallographic  (101)  planes,  because  the  flat  interface  is  imstable 
in  the  investigated  crystals. 

The  considered  crystals  CaNdA104  (CNA)  and  SrLaA104 
(SLA)  belong  to  the  group  compounds  with  general  formula 
ABCO4,  where  A  =  Sr.Ca;  B  =  Y  or  rare  earth  elements  and  C  = 
Al,Ga  and  which  crystallize  in  the  tetragorud  structure  of 
K2NiF4.  where  a;=b  and  c=3a.  Some  of  these  compounds  e.g. 
CNA  and  SLA  melt  congruently  The  results  of  our  investiga¬ 
tions  show  the  strong  anisotropic  behaviour  reflected  in  ther¬ 
mal  expansion  coefficients  vs  temperature  along  <100>  and 
<(X)1>  directions  and  by  anisotropic  dielectric  properties.  The 
measurements  of  the  thermal  expansion  coefficient  proved 
nonlinear  a(T)  dependence.  These  effects  are  explained  in 


terms  of  the  phase  transition  observed  also  in  DSC  experi¬ 
ments. 

The  stability  of  ABC04  structure  is  limited  by  ionic  radius 
of  all  ions  which  form  die  crystal  planes  and  we  siqipose  that 
the  effects  may  be  explained  by  ions  reordering  in  ABCO4 
structure. 

We  fouTKl  diat  the  melt  of  ABCO4  polycomponent  com¬ 
pounds  is  unstable  and  sensitive  to  initial  stoichiometry  and  die 
crystal  growth  is  strongly  anisotropic,  however,  all  crystals 
were  pulled  out  without  cracking  and  opaque  inclusions  and 
their  cross  section  was  size  up  to  300  mm  . 

ABCO4  single  crystals  are  interesting  as  substrates  for  high 
Tc  superconductors  from  the  stand  point  of  lattice  matching 
and  their  dielectric  properties. 


FLUX  GROWTH  OF  SINGLE  CRYSTALS  OF 
NdyPri.yGaOj  SOLID  SOLUTIONS 
H.  Dabkowsici,  A.  Dabkawski  andJ£.  Greedan 
Institute  for  Materials  Research,  McMaster  University 
1280  Main  Street  West,  Hamilton.  Ontario.  Canada.  L8S  4M1 


Single  crystals  of  solid  solutions  between  NdGa03  and 
PrGa03  have  been  obtained  from  PbO-PbF2-Mo03  flux.  The 
flux  method  allowed  to  grow  single  crystals  up  to  4.Sx4x2  mm 
(from  20  ccm  crucible)  at  temperature  range  1260-1080*C. 

The  aim  was  to  avoid  the  cubic  to  orthorhombic  phase 
transition,  usually  causing  twiiming  in  this  pseudop>erovskite 
material.  The  chemical  composition,  its  dependence  on  crystal 
growth  conditions  and  the  impurities  level  have  been  estab¬ 
lished  by  EPMA  and  by  EDAX.  Strong  influence  of  chemical 
composition  on  the  crystal  quality  has  been  observed. 


The  high  resolution  Guinier  camera  powder  patterns  have 
been  used  to  determine  lattice  parameters  and  their  changes 
with  crystallization  conditions.  Because  the  lattice  parameters, 
depending  on  composition,  are  in  tiie  range  8sS.42-t-S.43, 
b=S30t-S.S2,  0=7.72,  such  solid  solutions  can  be  regarded  as 
potential  materials  for  substrates  for  thin  films  of  YBa2Cu30x 
or  Pb2Sr2(Y,Ca)Cu30x  (and  related  Bi-based  and  Tl-based 
systems)  superconductors. 
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INVESTIGATION  OF  THE  GROWTH  OF  NEIGHBORTTE,  NaMgFj 
S.  Sengupta,  A.  Cassanho  and  H P.  Jenssen 
Laboratory  for  Advanced  Solid  State  Laser  Materials 
Center  for  Materials  Science  and  Engineering 
Massachusetts  Listitute  of  Technology.  Cambridge,  MA  02139 


The  search  for  suitable  crystals  that  can  be  used  as  sub¬ 
strates  for  high  temperature  superconductor  films  has  led  us  to 
study  the  naturaUy  occurring  neighborite,  NaMgF3.  Neighbor- 
ite  is  a  perovskite  structured  crystaL  with  low  dielectric  con¬ 
stant  and  lattice  constants  well  matching  the  ones  for  the  high 
Tc  materials.  The  crystal  undergoes  two  high  temperature 
phase  transitions^^  \  first  cubic  to  tetragonal  (920C)  and  second 
tetragonal  to  orthorhombic  (760C).  The  lattice  constants  are 
a=5.363A,  b=7.676A  and  c=5.503A.  The  mined  crystal  pres¬ 
ents  severe  twirming^'^  believed  to  be  due  to  the  ^ase  transi¬ 
tions. 

When  we  pulled  the  crystal  from  a  stoichiometric  melt  it 
was  initially  clear,  but  became  opaque  when  it  underwent  the 
first  phase  transition.  Subsequent  growth  runs  with  NaF  excess 


in  the  melt  resulted  in  clear  crystals  at  room  temperature.The 
best  results  were  attained  with  a  melt  composition  of  65%  NaF. 
Crystals  as  large  as  13  mm  in  diameter  and  25  mm  long  were 
obtained.  Polarized  optical  spectroscopy  and  X-ray  analysis 
both  reveal  twinning  due  to  the  tetragonal  to  orthorhombic 
phase  transition.  The  nature  and  orientation  of  the  twin  planes 
are  currently  under  study  and  will  be  rqx>rtBd  on. 


(l)Chao  et  al.,  The  American  Mineralogist  46(1961)379. 

This  work  was  conducted  under  the  auspies  of  the  Consortium 
for  Superconducting  Electronics  with  full  support  by  the 
Defence  Advanced  Research  Projects  Agency  (Contract 
MDA972-90-C-0Q21). 


SINGLE  CRYSTAL  GROWTH  OF  RARE-EARTH  GALLATES  AND  EPITACTIC  GROWTH 
NATURE  OF  HIGH-Tc  SUPERCONDUCTING  YBCO  THIN  FILMS  ON  THEM 
S.  Miyazawa,  M.  Sasaura  and  M.  Mukaida 
NTT  LSI  Laboratories,  3-1,  Morinosato  Wakamiya,  Kanagawa  243-01,  Japan 


Epitaxial  thin  film  of  high  Tc  superconducting  YBajCuaO  x 
(YBCO)  is  of  current  interest  in  both  basic  studies  on  super¬ 
conducting  behaviors  and  electronic  device  applications.  A 
smooth  surface  of  the  as-grown  film  is  strictly  required  to 
device  applications  such  as  an  SIS  junction.  Then,  the  develop¬ 
ment  of  new  substrate  materials  lattice-matched  with  YBCO  is 
needed  from  the  viewpoint  of  "epitaxial"  film  growth.  In  this 
paper,  we  present  the  single  crystal  growth  of  rare-earth  gal- 
lates  as  substrates  lattice-matched  with  YBCO,  and  early 
growth  stages  of  YBCO  ultrathin  film  on  the  substrates  are 
demonstrated  with  AFM  (Atomic  Force  Microscope)  observa¬ 
tions. 

The  gallate  single  crystals  of  NdGa03  and  PrGaOs  were 
^own  by  conventional  rf-heating  Czochralski  pulling. 
NdGa03  was  twin-free,  and  single  crystallinity  showed  as 
good  as  25"  of  FWHM  on  an  X-ray  double-crystal  rocking 
curve,  while  PiOa03  still  included  twins  and  subgrains,  result¬ 
ing  in  220"  of  FWHM.  The  twinning  in  {hGa03  may  be  due  to 
phase  transitions  just  below  the  melting  temperature.  On  these 
substrates,  YBCO  thin  films  were  deposited  by  an  ArF  laser 
ablation.  Single  crystallinity  of  the  film  on  NdGa03  showed  as 
good  as  12"  of  FWHM,  which  is  about  one  half  that  on  an 


usual  SiTiOs,  while  that  on  PrGaOs  was  24"  of  FWHM,  due  to 
poor  crystallinity  of  the  PtGa03  substrate. 

To  investigate  the  early  growth  stages  of  the  film,  YBCO 
ultrathin  film  of  about  20A  in  nominal  thickness  was  dqxrsited 
on  the  substrates.  AFM  observatians  revealed  that  the  early 
growth  stage  of  the  film  on  lattice-mismatched  Sr'n03 
(Ad=1.06%)  was  of  three-dimensional  granular  growth  mode. 
This  picture  strongly  suggests  the  growth  mode  of  Volmer- 
Waber  type.  This  mode  resulted  in  irregular  surface  morphol¬ 
ogy  on  the  final  film  of  about  2000A,  revealed  by  a 
field-emission  type  SEM.  On  the  other  hand,  the  early  growth 
stage  on  the  lattice-matched  NdGa03  (Ad=0.3%)  and  PiGa03 
(Ad=0.03%)  substrates  was  verified  to  be  of  two-dimensional 
island  formation.  The  islands  had  a  height  of  12A  with  a  rec¬ 
tangular  shape  corresponding  to  the  basal  plane  of  orthorhom- 
bic/tetragonal  YBCO  lattice.  The  growth  mode  was  of 
Stranski-Krastanov  type.  The  as-grown  surface  morphology  on 
the  final  film  was  certified  to  be  very  smooth  1^  the  SEM. 

It  can  be  concluded  that  new  gallate  substrates  lattice- 
matched  with  YBCO  are  promising  for  two-dimensional  epi¬ 
taxial  growth  of  YBCO.  Nucleation-and-growth  nature  of 
YBCO  thin  films  will  be  discussed. 
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LPE  OF  mGH-Te  SUPERCONDUCTORS 
C.  KUmenz  and  HJ.  Sched 

Crystal  Growth  Group,  Institute  of  Micro-  and  Optoelectronics 
Swiss  Federal  Institute  of  Technology 
Chemin  de  BeUerive  34,  CH-1007  Lausanne,  Switzerland 


Layers  of  high-temperature  superconductors  (HTSC)  are 
mostly  prepared  by  {diysical  vapour  depositicm  techniques 
including  sputtering,  laser  ablation  and  l^E.  These  HISC 
layers  show  high  critical  current  densities  due  to  numerous 
defects.  In  contrast.  LPE  has  the  potential  for  structurally  more 
perfect  layers  with  atomically  flat  surfaces[l]  as  required  for 
low-Jf  iq)plications  and  for  fundamental  studies  of  HTSC  phe¬ 
nomena. 

However,  a  number  of  obstacles  had  to  be  overcome  before 
LPE  of  YBa2Cu307.,  (YBCO)  and  related  123-HTSC  could  be 
achieved.  The  determination  of  the  eutectic  of  the  solvent  sys¬ 
tem  BaCu02-Cu0[2]  and  the  establishment  of  the  primary 
crystallization  field  of  YBCO[3]  allowed  to  obtain  the  required 
composition/temperature/supersaturation  conditions.  The  cor¬ 
rosion  mechanism  of  commercial  cnicibles[4]  showed  that  new 
crucibles  had  to  be  developed[5].  Another  problem  are  the 
substrates,  especially  in  LPE,  where  near  thermodyruunic  equi¬ 
librium  a  very  low  misfit,  of  less  than  0.2%,  at  the  growth 
temperature  is  required  to  achieve  layer-by-layer  growth  at 
tolerable  Qow)  supersaturation[6].  Such  low  supersaturation  is 
also  required  for  the  stable  growth  regime  and  for  preventing 
spontaneous  nucleation  at  the  crucible  walls. 

With  these  prerequisites  partially  established,  thick  grain- 
boundary- free  HTSC-123  layers  up  to  presently  12  mm^  could 


be  achieved  for  the  first  time.  Nomarski  interference  contrast 
microscopy  shows  growth  steps  over  macroscopic  dimensions, 
whereas  step  structures  on  PVD-grown  HTSC  layers  (islands) 
extend  only  over  typically  200  nm[7,8]. 

Further  systematic  LPE  wodt  and  substrate  develo|nnent 
are  required  to  obtain  large-area  growth  with  controlled  step 
heights  on  CTack-free  HTSC  layers. 
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IN-SITU  ANALYSIS  OF  ORGANOMETALUC  VAPOR  PHASE  EPITAXY  USING 
GRAZING  INCIDENCE  X-RAY  SCATTERING 
D.W.  Kisker  and  G£.  Stephenson 
IBM  Research  Division,  Yorktown  Heights,  NY  10598 
PJ1.  Fuoss,  FJ.  Lamelas  and  P.  Imperatori 
AT&T  BeU  Labs,  Murray  HiU.  NJ  07974 
S.  Brennan 

Stanford  Synchrotron  Radiation  Lab,  Menlo  Park,  CA  94033 


Despite  the  importance  of  chemical  vtqMi  deposition 
(CVD)  as  a  critical  process  for  semiconductor  materials  prepa¬ 
ration,  little  is  known  about  the  detailed  reactions  and  surface 
processes  which  occur.  Unlike  UHV  techniques  such  as  molec¬ 
ular  beam  ^itaxy  which  make  wide  use  of  the  electron  based 
analytical  tools  such  as  Auger  and  RHEED,  CVD  techniques 
have  in  general  been  studied  after  the  fact  Generally,  films  are 
dqtosited  or  grown,  and  then  post-growth  characterization  is 
performed  to  try  to  understand  what  happened.  Obviously,  this 
approach  is  not  likely  to  answer  all  the  relevant  questions 
regarding  this  important  technology. 

In  this  work,  we  have  for  the  first  time  used  x-ray  scattering 
to  begin  to  understand  the  detailed  nature  of  chemical  vqror 
deposition  of  compound  semiconductors  using  organometallic 
sources:  OMCVD.  We  have  developed  a  purpose  built  reactor 
which  incorporates  a  pair  of  beryllium  windows  which  allows 
real-time  x-ray  scattering  measurements  during  growth  of 
GaAs  and  related  compounds.  Using  this  technique,  we  have 
made  the  first  direct  observation  of  these  surfaces  as  this  non- 
UHV  process  proceeds. 

Our  results  indicate  that  although  the  surface  reconstruction 
in  a  steady-state  arsenic-containing  environment  is  similar  to 
MBE  (i.e.  c(4x4)),  when  growth  is  initiated,  the  surface 
changes  dramatically  with  the  reconstruction  being  completely 


disrupted,  perhaps  by  the  presence  of  large  amounts  of  organic 
by-products  preseiu  during  OMCVD.  Despite  this  surface  dis¬ 
ruption,  we  have  been  able  to  establish  conditions  under  which 
layer-by-layer  growth  occurs,  as  indicated  by  die  observation 
of  intensity  oscillations  whidi  occur  due  to  the  cyclic  nucle- 
adon  and  completion  of  single  layers  of  materiaL  In  addition, 
we  have  observed  a  transition  to  stq>-flow  growth  at  tempera¬ 
tures  around  62S*C.  By  analysis  of  die  diffuse  scattering  of 
x-rays  around  the  crystal  truncation  rod  position  at  (110),  we 
have  made  estimates  of  die  maximum  island  size  at  the  poiiu 
where  the  oscillatory  scattering  is  a  minimum-where  islands 
are  beginning  to  coalesce.  As  the  temperature  of  growth  is 
increased,  this  maximum  island  size  inoeases,  until  at  the 
crossover  to  stqvQow  growth,  no  more  oscillations  occur,  and 
the  island  size  is  conqiarable  to  the  terrance  widdL 

Equipped  with  such  a  tool  for  the  in-situ  monitoring  of 
growth  processes,  we  have  also  begun  to  do  detailed  character¬ 
ization  of  the  OMCVD  process  kinetics.  We  find  that  using  this 
highly  accurate  growth  rate  probe  for  example,  we  can  quickly 
establish  the  range  of  conditions  where  die  process  is  limited 
by  surface  kinetics,  for  example.  We  will  repoi:  the  details  of 
these  and  related  experiments  directed  toward  die  understand¬ 
ing  of  the  microscopic  details  of  OMCVD. 
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THE  BOUNDARY  LAYER  CONCEPT:  A  KEY  TO  SEGREGATION 
PHENOMENA  IN  CRYSTAL  GROWTH  FROM  THE  MELT 
JJ.  Favier,  JF.  Garandet  and  D.  Camel 

CEA/DTAA!^EREM/DEM,  Section  d’  Etudes  de  la  Solidification  &  de  la  Ciistallogenese 
Centre  d’Etudes  Nucldaires,  85  X.  38041  Grenoble  Cedex 


On  the  basis  of  existing  experimental  and  numerical  data, 
we  first  bring  evidence  of  the  existence  of  a  solute  boundary 
layer  in  fiont  of  the  growth  front  during  solidification.  A  gen¬ 
eral  method  is  proposed  to  estimate  its  thickness  5  when  the 
flow  field  in  the  vicinity  of  the  interface  is  known.  We  then 


show  that  S  governs  segregation  phenomena  in  melt  gtowdi 
experiments.  Finally,  applications  of  this  boundary  layer  con- 
cq>t  are  proposed  in  the  fields  of  both  macro-  (axial  and  radial) 
and  micro-segregation. 


ANALYSIS  OF  THE  BRIDGMAN  GROWTH  OF  SEMITRANSPARENT  CRYSTALS 

S.  Brandon  and  JJ.  Derby 

Department  of  Chemical  Fngmeering  and  Materials  Science 
Uruversity  of  Miimesota,  Mirmeapolis,  MN  SS4S5 


High-quality  single  crystals  of  materials  such  as  neodym¬ 
ium-doped  yttrium  aluminum  garnet  (Nd:YAG)  are  required 
for  the  fabrication  of  high-average  power,  solid-state  lasers. 
The  production  of  crystals  of  sufficient  size  and  quality  is 
limited  by  an  incomplete  understanding  of  the  growth  process, 
especially  the  complicating  effects  of  internal  radiative  energy 
transport,  Le.  the  radiative  transport  of  energy  through  partici¬ 
pating,  condensed  phases.  A  fundamental  understanding  of 
these  effects  is  a  prerequisite  for  improving  the  growth  pro¬ 
cesses  employed  to  produce  these  crystals. 

We  have  developed  a  Galerkin  finite  element  method  to 
solve  for  heat  transport  via  internal  radiation,  conduction,  and 
convection  in  axisymmetric  geometries.  We  will  present  a 
quasi-steady  state  model  for  the  vertical  Bridgman  growtii  of 
sonitransparent  crystals  [1,2].  The  integro-differential  equation 
describing  combined  radiation  and  conduction  heat  transfer  is 
applied  in  the  crystal,  while  combined  convective  and  conduc¬ 
tive  heat  transfer  is  assumed  to  dorrunate  in  the  melt  Heat  is 
also  conducted  through  the  ampoule  walls,  whose  outer  surface 
exchanges  energy  with  the  furnace  via  combined  natural  con¬ 
vection  and  enclosure  radiation.  The  position  of  the  melt/crys¬ 
tal  interface  is  determined  self-consistently  by  the  isotherm 
method. 

The  vertical  Bridgman  growth  of  an  oxide  crystal  with 
properties  chosen  to  resemble  those  of  yttrium  aluirunum  gar¬ 


net  (YAG)  is  investigated.  Results  indicate  that  heat  transfer 
through  the  system  is  strongly  affected  by  the  optical  absorp¬ 
tion  coefficient  of  the  crystal  and  that  convective  heat  transfer 
through  the  melt  is  unimportant  for  this  small-scale  system. 
Coupling  of  internal  radiation  through  the  crystal  with  conduc¬ 
tion  through  the  ampoule  walls  promotes  melt/crystal  interface 
shapes  which  are  highly  deflected  near  the  ampoule  wall.  This 
radiative  interface  effect  is  much  more  pronounced  than  that 
observed  in  the  Bridgman  growth  of  opaque  crystals,  where  the 
interface  deflection  at  tire  ampoule  wall  is  attributed  to  the 
thermal  conductivity  mismatch  between  ampoule  and  charge 
[3].  Calculations  demonstrate  that  a  flatter  overall  interface 
shape  can  be  achieved  through  optitruzation  of  ampoule  mate¬ 
rial  properties  and  furnace  temperature  profiles. 


[1]  S.  Brandon  and  I J.  Derby,  “Internal  radiative  transport  in 
the  vertical  Bridgman  growth  of  semitransparent  crystals.” 
J.  Crystal  Growth  110, 481-500  (1991). 

[2] S.  Brandon  and  IJ.  Derby,  “Heat  transfer  in  vertical 
Bridgman  growth  of  oxides:  Effects  of  conduction, 
convection,  and  internal  radiation,”  J.  Crystal  Growth, 
submitted  (1991). 

[3]  T.  Jasinski  and  A.F.  >^fitt,  “On  control  of  the  interface  shape 
during  growth  in  vertical  Bridgman  configuration,”  J. 
Crystal  Growth  71  (1985)  295. 
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RADIAL  SEGREGATION  IN  FLOATING-ZONE  CRYSTAL  GROWTH 
CW.  Lem  and  S.  Kem 

Department  of  Materials  Science  and  Engineering 
and 

Center  of  Excellence  in  Solidificaticn  Processing 
Technologies  of  Engineering  Materials 
University  of  Wisconsin 
Madison,  WI 53706-1595 


Radial  segregation  in  floating-zone  crystal  growth  under 
the  steady-state  condition  was  studied.  A  con^iuter  model  was 
developed,  considering  heat  transfer.  Quid  Qow  and  mass  trans¬ 
fer.  Three  different  driving  forces  for  Qow  were  included,  i.e., 
the  buoyancy  force,  the  surface-tension  gradient  and  the  cen¬ 


trifugal  force.  The  effects  of  these  driving  forces  on  radial 
segregation  were  investigated.  Floating-zone  growth  of  doped 
NaNOs  single  crystals  was  conducted,  and  the  measured  radial 
segregation  was  used  to  check  die  computer  model. 


FLUID  PATTERNS  IN  THE  DIFFUSIVE  FIELD  SURROUNDING 
A  GROWING  CRYSTAL 
Juan  Manuel  Gercla-Riuz  and  Fomin  OtMora 
Instituto  Andaluz  de  Geologia  Mediterrinea 
CSIC-Univer»dad  de  Granada 


Revealing  the  concentration  patterns  in  the  solution  sur¬ 
rounding  a  growing  crystal  (using  several  interferometric  tech¬ 
niques)  has  been  the  objea  of  many  studies  in  the  past  because 
of  its  important  role  in  the  phenomena  taking  place  on  the 
crystal-solution  interface.  We  use  a  crystal  growth  simulation 
program'  designed  to  allow  a  fine  tuning  of  the  crystal  mor¬ 
phology  in  the  range  between  disordered  dendrites  to  single 
crystals,  to  study  the  conqilex  coupling  between  a  diffusive 
field  and  a  crystal  growing  from  it.  Our  model  b  a  modified 
multiparticle  DLA  in  which,  diffusional  transport  b  simubted 
by  random  walking  particles. 

The  concentration  patterns  we  obtain  from  simulations 
show  that  the  concentration  gradients  at  die  normal  to  any 
point  on  the  crystal  surface  are  similar  in  the  case  of  single 
crystab  but,  for  dendritic  crystab,  the  main  branches  of  the 
crystab  cut  the  isotones  as  they  penetrate  into  the  regions  of  the 
solution  at  higher  concentration.  Therefore,  the  program  led 


one  to  clearly  observe  the  Berg  effect  We  also  observe  die 
formation  of  a  ceUular  arrangement  in  the  diffusive  field 
around  the  crystab.  Thb  pattern  af^ieais  clearly  when  morpho¬ 
logical  instabilities  are  fomung.  The  apparition  of  the  cellular 
patterns  linked  to  the  existence  of  morphological  instabilities 
and  to  Berg’s  effect  let  us  to  suspect  diat  die  last  ones  produce 
the  break-out  of  the  radial  diffusive  field  and  the  formation  of 
preferred  Qow  lines.  Thb  CTOss-interaction  between  the  crystal 
interface  and  its  surrounding  solution  creates  a  convective  flux. 
Once  the  morphological  instability  appears,  the  formation  of 
thb  cellular  structures  reenforce  the  morphological  pattern. 
Numerical  simulations  as  die  one  presented  here  may  help  to 
evaluate  the  role  of  sudi  fluid  patterns  in  the  control  of  crystal 
morphology.  The  limitations  and  possible  enhancements  of  the 
simulations  are  discussed  in  the  text 


1.  Garcic-Ruiz  &  F.  OtiUara.  PhysicaA  178  (1991)  415-420. 
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CHARACTERIZATION  OF  THE  ONSET  OF  TURBULENCE  IN  UQUID 
TIN  IN  A  BRIDGMAN  CONnGURATION 
David  J.  Knutesot^,  Archibald  L.  Fripp,  William  J.  Debnam,  Jr.,  and  Glenn  A.  Woodell 
NAS  A-Langley  Research  Center 
Ranga  Narayanan 
University  of  Florida 


It  has  been  shown  that  crystals  directionally  solidified  from 
a  thermally  time-dependent  melt  have  a  larger  defect  density 
and  increased  occurrence  of  compositional  striadons.  Thus,  it 
is  important  to  better  understand  the  different  convection  flow 
regimes  and  flow  patterns  that  occur  under  various  furnace 
conditions.  Thermocouple  measurements  from  a  Bridgman 
ampoule  will  he  presented  for  the  case  when  the  molten  tin 
inside  changes  from  a  simple  oscillatory  regime  to  turbu¬ 
lence.  Although  not  the  normal  Bridgman  orientation,  the 
ampoule  is  heated  from  below  to  facilitate  the  study  of 
unsteady  convection.  The  cell  wall  is  instrumented  with  ther¬ 
mocouples  at  various  vertical  positions  and  azimuthal  angles. 


Phase  relationships  of  temperature  oscillations  from  the  ther¬ 
mocouples  will  be  used  to  obtain  data  on  convection  flow  cells. 
Fast  Fourier  transforms  (FFTs)  of  temperature  measurements 
will  be  used  to  clarify  the  mechanism  of  the  transition  to  turbu¬ 
lence.  There  are  currently  three  major  scenarios  for  the  onset  of 
birbulence,  and  the  FFT  data  will  reveal  which  mecharusm 
applies  to  this  system.  The  FFT  measurements  are  designed  to 
enable  high  resolution  at  the  low  frequencies  that  are  character¬ 
istic  of  thermal  oscillations  in  liquid  metals. 


1 .  E>epartment  of  Materials  Science,  Uruversity  of  Virgirua. 


EFFECT  OF  TURBULENCE  MODELLING  ON  THE  PREDICTIONS  OF  AN  INTEGRATED 
THERMAL-CAPILLARY  MODEL  FOR  CZOCHRALSKI  CRYSTAL  GROWTH 
Thomas  A.  Kinney  and  Robert  A.  Brown 
Department  of  Chemical  Engineering 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 


Convection  in  large-scale  Czochralski  (CZ)  systems  for  the 
growth  of  silicon  and  other  optoelectronic  materials  is  at  least 
chaotic  and  three-dimensional.  The  computation  of  this  flow 
and  its  effect  on  the  temperature  and  comprosition  fields  in  the 
melt  and  crystal  is  beyond  current  simulation  capabilities, 
especially  when  modeb  account  for  the  complexity  of  radia¬ 
tion  and  coupled  heat  transfer  between  the  elements  of  the 
fiimace.  The  purpose  of  thb  work  b  to  examine  the  potential 
for  using  turbulence  modeb,  in  conjtinction  with  an  integrated 
thermal-capillary  model  for  the  CZ  system,  to  describe  heat 
transfer  and  solute  redbtributiorL  Turbulent  convection  is 
accounted  for  by  the  Reynolds  equations  for  momentum  and 
energy  transport  and  ke-model  for  turbulent  fluxes,  which 
includes  coupled  balance  equations  for  the  scalar  kinetic 
energy  and  energy  dissipation  in  the  melL  These  equations  are 
solved  simultaneously  with  the  equations  that  describe  energy 
and  mass  transport  in  the  melt,  crystal  and  the  parts  of  the  CZ 
system  and  diffuse-gray  radiation  between  components  of  the 
enclosure.  The  melt/crystal  interface,  the  melt  mouscus,  aiai 
the  radius  of  the  crystal  are  computed  as  part  of  the  solution. 


The  entire  set  of  equations  b  solved  simultaneously  1^ 
Newton’s  method. 

Simulations  for  a  prototype  system  for  grotvth  of  5"  diame¬ 
ter  silicon  crystab  demonstrate  the  feasibility  of  analysb  of 
large-scale  systems  and  the  importance  of  convective  heat  and 
mass  transport.  Interesting  effects  are  seen  that  are  explained 
by  turbulent  interactions.  The  temperature  difference  across  the 
melt  b  small  without  any  obvious  internal  layer  structure  in  the 
melt.  Abo,  increasing  crucible  rotation  increases  convection  in 
the  melt,  contrary  to  predictions  of  laminar  flow  calculations, 
where  the  increased  Coriolb  force  would  be  expected  to  damp 
convection.  The  increased  convection  seen  with  turbulence  b 
caused  by  kinetic  energy  generation  due  to  the  interaction 
between  the  azimuthal  flow  driven  by  crucible  rotation  and  the 
meridional  motion  driven  by  buoyancy  differences.  The 
increase  in  convection  with  crucible  rotation  artd  the  mer'dio- 
nai  motion  driven  by  buoyancy  differences.  The  increase  in 
convection  with  crucible  rotation  has  been  seen 
experimentally. 
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CONTROL  OF  RADUTTVE-CONDUCTIVE  HEAT  TRANSFER  IN  SHAPED 
SEMI-TRANSPARENT  CRYSTALS  BEING  PULLED  FROM  THE  MELT 
VS.  Yuferev,  M.G.  Vasil' ev,  EJ*i.  Kolesnikova  and  LA.  Stefanova 
A.F.  Ioffe  ntisica!  -  Technical  Institute 


When  solving  heat  transfer  problem  in  crystal  growth  it  is 
usually  considered  that  external  conditions  are  given  and  that 
the  temperature  field  in  the  crystal  has  to  be  found.  Yet  from 
the  viewi'oint  of  practice  the  following  inverse  problem  is  of 
special  interest;  what  temperature  fields  in  crystals  are  desir¬ 
able  and  how  this  fields  can  be  really  produced.  The  latter 
means  to  find  and  dispose  such  heaters  and  thermal  screens 
that  the  resultant  temperature  distribution  would  be  as  close  to 
the  pn-escribed  one  as  possible. 

The  pr  yer  deals  with  the  heat  transfer  problem  in  the  sys¬ 
tem  consisting  of  a  cylindrical  crystal,  a  set  of  jjaraUel  plane 
screens  normal  to  the  growth  direction  and  an  outer  heater. 
Such  system  is  often  used  if  the  shared  sapphire  crystals  are 
grown.  Here  parallel  screens  help  to  localyze  the  thermal  influ¬ 
ence  of  the  heater  on  the  crystal.  Along  with  a  number  of 


control  parameters  the  size  of  the  screens,  the  distance  between 
them,  their  emissivity  and  etc.)  it  gives  possibility  '  j  control 
the  temperature  field  in  the  crystal  over  wide  limits.  In  order  to 
reduce  the  computational  difficulties  the  semi-empirical  for¬ 
mulae  were  derived  to  describe  the  radiative  transfer  in  gaps 
between  screen  plates.  It  is  shown  that  solutions  of  the  direct 
problem  are  in  good  agreement  with  experimental  data.  Solu¬ 
tion  of  the  inverse  problem  shows  that  it  is  really  possible  to 
generate  in  crystal  such  thermal  field  that  at  fixed  pulling  rate 
thermal  stresses  pnove  to  be  minimal.  The  pnoblem  of  crystal 
growth  stability  is  also  solved.  The  novelty  of  the  ptresent 
apipnoach  is  in  consideration  of  the  space  pieriodical  p)erturba- 
tions  of  the  crystal  surface  and  taking  into  account  radiative 
heat  transfer. 
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RECENT  DEVELOPMENT  OF  NEW  LASER  CRYSTALS 
Bruce  H.T.  Choi 

Center  for  Research  in  Electro-Optics  and  Lasers 
University  of  Central  Florida 
12424  Research  Parkway,  Orlando,  FL  32826 


In  a  recent  presentation  (1)  the  work  “renaissance”  was 
used  to  describe  the  renew  interest  and  the  rapid  advances  in 
solid  state  lasers.  This  is  because  of  the  combination  of  the 
development  of  high-power  laser  diodes,  new  solid  state  laser 
materials  and  new  nonlinear  optical  materials.  They  hold  the 
jiromise  of  more  efficient,  compact,  reliable  and  versatile 
lasers.  Combination  of  new  wavelengths  and  efficient  nonlin¬ 
ear  conversions,  these  lasers  can  deliver  more  power  and  have 
broader  lasing  wavelengths.  The  message  here  is  very  clear 
that  it  is  the  development  of  new  “materials”  which  holds  the 
key  for  these  advances. 

The  development  of  new  laser  materials  has  followed  very 
closely  to  the  basic  reqmrement  of  diode  pumpable.  Current 
high  power  laser  diodes  are  available  in  three  wavelengths  - 
670,  800  and  960  run.  Because  of  the  small  thermal  loading 
and  great  reduction  of  crystal  size  in  the  diode  pumping 
scheme,  the  material  strength  requirement  is  greatly  relaxed. 
Moreover,  congment  melting  is  no  longer  a  requirement  This 
opens  great  opportunity  to  look  for  materials  with  unique  las¬ 
ing  properties.  Sensitization  also  becomes  a  key  consideration 
for  efficieitt  diode  pumping. 

The  specific  research  areas  of  interest  will  include: 


(1) Ci^^  doped  fluorides,  such  as  liCaAlF^CliCAF)  and 
USrAlFefUSAF), 

(2) Tare  earth  doped  fluorides,  sudi  as  high  Nd 
concentration  fluorides,  up-conversion  lasers, 

(3)  transitional  metal  doped  oxides,  such  as  Cr^,  Mn^  in 
YzSiOs,  Ca5(P04)3F,  etc., 

(4)  rare  earth  doped  oxides,  such  as  Tm  in  YAIO3,  ND  in 
YzSiOj,  Yb  in  Ca5(P04)3F, 

(5)  transitional  metal  sensitizing  of  rare  earth  doped  oxides, 
such  as  Cr^,  Er^  in  YzSiOs  and  Ca5(P04)3F, 

(6)  wave  guide  structures  in  oxides  and  fluorides,  such  as 
YAG,  YLF,  UCAF  and  USAF. 

One  of  the  key  factors  to  make  these  works  feasible  is  the 
perfection  of  crystal  growdi  in  a  peritecdc  melt  using  crystal 
weighing  feed  back  control.  Examples  will  be  presented  to 
illustrate  the  technique.  This  technique  will  become  more 
important  in  the  search  of  new  laser  materials. 


(1)  Peter  F.  Moulton,  “Solid  state  lasers:  the  renaissance 
continues”  (R.V.  Pole  Memorial  Plenary  Lectures),  CLEO/ 
QELS  ’92,  Anaheim,  CA,  May  11. 1992. 
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CaCIF;Sni**CRYSTAL  GROWTH  AND  SPECTROSCOPY 
JJ*.  Chanunade^,  A.  Garcia^,  A.  Oppenl&ndeP'.  J.C.  Viat^ and RM.  Macfarlan^ 
^Laboratoiie  de  Chimie  du  Solide  du  CNRS,  331.  cours  de  la  Ubdration,  334QS  Talence  Cedex,  France 
^Laboratoiie  de  Spectrometrie  Physique  (associ^  au  CNRS)  BP  87, 38402  Saint-Martin  d'Heres,  loanee 
^Permanent  address:  IBM  Alamaden  Research  Center,  650  Harry  Rd,  Sans  Jos6,  Ca  9S120,  USA 


A  variety  Of  interesting  idienomena  have  recently  been 
demonstrated  in  AXF  fluorohalide  crystals  (where  A  =  Ba.  Sr 
and  X  =  Br,  Cl)  containing  divalent  rare  earth  ions.  These 
propoties  depend  on  the  possibility  of  photo  ionizing  the  diva¬ 
lent  rare  earths,  a  process  which  is  optical  reversible.  Photon 
gated  spectral  hole  burning  was  demonstrated  in  BaCIF:Sm^'^ 
and  StCIF:Sm^'^.  In  order  to  investigate  the  influence  of  the 
ionic  radius  of  the  A  cation,  a  previous  study  on  BaCIFrSm^^ 
and  SrCIPrSm^*  was  extended  to  the  case  of  CaCDFrSm^*,  so 
this  material  has  to  be  prepared  in  single  crystalline  form. 

CaCIF  melts  incongruently  so  these  crystals  were  grown 
using  a  flux  method.  In  the  CaCl2-CaF2  phase  diagram,  an 
eutectic  point  of  645*C  for  18.3  mole  CaCl2  composition  has 
been  established  and  a  decomposition  temperature  of  733 *C 
was  foimd  for  CaCIF.  CaCl2  tqipears  to  be  a  good  solvent  for 
the  growth  of  CaCIF  at  temperatures  higher  than  643‘C.  CaCl2, 
CaF2  and  SmCl2  were  used  as  starting  materials.  All  the  manip¬ 
ulations  were  carried  out  in  a  dry  box  filled  with  dried  and 
deoxygenated  Ar,  due  to  the  highly  hygroscopc  nature  of 
CaCl2  and  SmCl2.  Several  steps  were  involved  in  the  reaction 
procedure:  solid  state  preparation  of  a  Cao.9sSmo.a5CIF  sam¬ 


ple,  dilution  to  the  required  amount  of  SM^^  by  adding 
weighted  quantities  of  CaCl2  and  CaF2,  and  the  addition  of  an 
excess  of  CaCl2  as  a  flux  for  the  crystal  growth  run.  The  later 
proceeded  in  cylindrical  30  cm^  Pt-90/Rh-10  crucibles.  The 
following  thermal  cycle  was  used:  (i)  heating  up  to  the  opera¬ 
tional  temperature  (750‘C):  (ii)  slow  cooling  with  a  rate  of  0.5 
of  3*C/h  to  the  temperature  of  the  solidification  of  the  flux 
(645‘C),  (iii)  a  rapid  decrease  to  room  temperature.  Single 
crystals  were  removed  ultrasonically  in  dry  acetone  and  stored 
in  sealed  glass  tubes  containing  a  few  torr  of  Ar  gas. 

CaCIF:Sm^^  grew  as  transparent,  tmtically  clear  platelets 
with  a  maximum  size  of  10x10x1 5  mm  .  The  crystals  have  the 
PbCl  layer  structure  with  the  c-axis  perpendicular  to  the  plane 
of  the  plate.  The  average  lattice  parameters  of  the  crystals 
(a?:3.894(2)  A,  c=6.809(4)  A;  tetragonal  system.  P4/hmm, 
Z=2)  are  in  good  agreement  with  those  published  previously. 

The  nominal  concentration  of  Sm  was  0.03%  but  only  a 
minority  of  the  dopant  atoms  are  in  the  divalent  state.  Never¬ 
theless  optical  and  photon  gated  hole  burning  spectra  of 
CaClF.’Sm^^  are  successfuUy  recorded  and  discussed. 


NEW  FLUORIDE  CRYSTALS  FOR  LASER  APPLICATIONS 
A.  Cassanho  and  HF.  Jenssen 
Center  for  Materials  Science  and  Engineering 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 


Fluoride  crystals  have  many  desirable  properties  for  use  as 
laser  hosts.  A  well  known  fluoride  laser  crystal,  LiYF4  is  now 
commercially  available  in  reasonably  good  quality.  However, 
other  new  promising  fluoride  laser  systems  are  not  fully  devel¬ 
oped  due  to  problems  with  crystal  growth.  We  will  report  on 
our  growth  experiments  of  three  very  promising  laser  systems 
BaY2Fg,  NaYF4  and  Cr^:Li5rGaFj.  The  first  two  compounds 
are  good  candidates  for  diode  pumped  lasers.  Cr^tLiSrGaF^  is 
a  good  caixlidate  for  flash-lamp  pumped  laser,  with  very  low 
passive  loss. 

BaY2Fg  has  a  tendency  to  crack  due  to  its  strong  anisotropic 
thermal  coefficients  and  it  is  prone  to  diffuse  scattering.  We 
will  present  our  data  on  the  effects  of  different  growth  direc¬ 
tions  on  cracking.  According  to  our  results,  diffuse  scattering 
can  be  avoided  by  careful  prqiaration  of  the  fluoride  starting 
material. 


When  NaYF4  is  grown  by  the  top-seeded  sobtion  method, 
it  has  to  be  pulled  fiom  a  melt  witii  composition  near  the 
eutectic  composition  to  avoid  a  destructive  phase  transition.  As 
a  result  it  is  difficult  to  have  NaYF4  single  crystals  of  even 
Icm^.  In  our  early  experiments  we  obtained  only  a  maximum 
size  of  1cm  x  03cm  x  03cm.  We  are  going  to  report  improve¬ 
ments  in  size  and  quality  of  these  oystals. 

Finally,  we  will  discuss  the  common  factors  involved  in 
growth  of  fluorides  for  lasers,  such  as  synthesis  of  oxygen-fiee 
starting  material,  care  with  the  growth  atmosphere  and  temper¬ 
ature  control  during  the  growth  run.  The  synthesis  of  oxide- 
free  fluoride  is  the  most  important  factor  affecting  the  growth 
ofC^tliSrGaFg. 


Worit  supported  by  DARPA/ONR  contract  No. 
N00014-90-J-4073. 
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THREE-DIMENSIONAL  HEAT  TRANSFER  DURING  THE  SEEDING  OF  LICAF 
SINGLE  CRYSTALS  IN  A  MODIFIED  BRIDGMAN  SYSTEM* 

S.  Brandon  and  IJ.  Derby 

Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota,  Minneapolis.  MN  SS4SS 
JJ.  DeYoreo,  DH.  Roberts,  ondLJ.  Atherton 
Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94SS0 


A  three-dimensional,  steady-state  analysis  of  heat  transfer  is 
performed  for  a  prototype  Bridgman  system  designed  for  the 
growth  of  CrLiCaAlF6  (CrIiCAFa)  single  crystals.  The 
experimental  configuration  is  similar  to  that  utilized  in  [1}  to 
grow  CnLiCAF  slabs,  but  modified  to  simultaneously  growth 
three  cylindrical  crystalline  rods.  It  is  hoped  that  this  modifica¬ 
tion  will  greatly  increase  production  dirouglqiuL  The  seeding 
geometry  of  tins  configuration  is  quite  complicated;  all  three 
rods  are  seeded  via  channels  diverging  fiom  a  common  central 
seed  crystal. 

A  finite  element  study  of  conduction  and  radiadon  (using 
the  commercial  code  FIDAP)  has  been  performed  to  gain 


insight  to  the  heat  transfer  occurring  during  seeding  of  this 
system.  We  compare  results  fiom  this  analysis  with  experimen¬ 
tal  observations. 


[1]  LX  Atherton,  J.J.  DeYoreo,  S  A.  Payne,  DJI.  Roberts,  JJ*. 
Cooper,  and  R.W.  Martin,  “Growdi  of  CrliCaAlF^  by  the 
Bridgman  and  Gradiem  Freeze  Processes,”  AACG 
Newsletter  21(2)  (1991). 

*Portions  of  this  work  were  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  Contract  W-740S-Eng-48. 


GROWTH  OF  HIGH-QUALITY  Yb-DOPED  FLUORO-APATITE 
FOR  ADVANCED  LASER  APPUCATIONS 
WL.  Kway,  SA.  Payne,  W.F.  Krupke,  LD.  DeLoach,  L.K.  Smith  and  J£.  Tassano 
Uiuversity  of  California 

Lawrence  Livermore  National  Lrdmratory,  Livermore,  California  94SS0 


Yb-doped  calcium  fluoro-apatite  (Yb:Ca5(P04)3F  or 
Yb:FAP)  has  recently  been  demonstrated  to  possess  outstand¬ 
ing  laser  properties.  For  our  preseru  laser  qrplicadons,  it  is 
desired  to  have  single  crystals  grown  with  high  optical  quality 
and  Yb  substitution  only  in  the  7-coor,u.  ited  Ca  sites. 

Yb:FAP  melts  congruently  near  1,700*C.  The  melt  is  fairly 
stable  in  an  argon  atmosphere.  However,  it  is  not  uncommon  to 
obtain  crystals  grown  with  poor  optical  quality  and  the  dopant 
substituted  into  multiple  Ca  sites.  The  crystal  is  currently 
grown  by  the  Czochralski  technique  with  pull  rates  of  1-3 
mm/hr  and  rotation  rates  of  30-100  rpm.  Since  the  Yb-doped 
crystal  is  colorless,  the  heat  loss  through  the  crystal  during 
growth  is  enhanced,  thereby  causing  the  growth  solid-liquid 
interface  to  become  highly  convex  even  at  a  fast  rotation  rate. 
As  a  result,  crystal  defects  are  developed  in  die  forms  of  cellu¬ 


lar  structure  at  the  core  and  small  particle  inclusions  at  the 
interface-facets,  or  in  planes  along  the  growth  axis  for  c-axis 
grown  crystals.  This  problem  has  been  correlated  to  the  melts 
with  noncongruent  compositions.  In  our  experiments,  the  start¬ 
ing  material  and  the  growth  parameters  are  varied  and  opti¬ 
mized  to  attain  growdi  perfection  and  high  optical  quality. 
These  results,  together  with  the  interface  morphology,  will  be 
correlated  and  discussed.  In  addition,  it  has  been  found  that 
single  site  Yb  substitution  can  be  achieved  by  the  use  of  a  high 
purity  CaHP04  as  a  starting  component 


This  work  was  performed  under  die  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
Lateraiory  under  Contract  No.  W-740S-Eng-48. 


85 


CHARACTERIZATION  OF  THE  LiSrA]F(-LiSrCrF(  SOLID-SOLUTION 
FOR  Cr-LASER  APPUCATIONS 

WL.  Kway  B.  Rupp,  SA.  Payne,  WF.  Krupke,  LX.  Smith,  LD.  DeLoach  and  J£.  Tassano 

Univosily  of  California 

Lawrence  Livermore  National  Laboratory,  Livermore,  California  94SS0 


It  has  recently  been  demonstrated  in  our  laboratory  that  the 
Cr-doping  level  in  LiSrAlF5  can  be  made  as  high  as  50% 
without  noticeably  degrading  the  laser  performance  of  this  sys¬ 
tem.  In  fact,  the  strong  light  absorption  evidenced  by  the  LiSr- 
AlF5-LiStCrF6  solid-solution  widi  x  >  0.2  has  permitted  the 
demonstration  of  a  new  wing-pumped  laser  design.^  Several 
samples  with  x  =  0,  .04,  .2,  .4,  .6,  .8,  and  1  were  synthesized  by 
the  high-temperature  hydrofluotinadon  process.  Single  crystals 
of  these  samples  were  then  grown  by  the  Czochralski  tech¬ 
nique.  In  addition  to  the  spectroscopic  and  laser  characteriza¬ 
tion,  various  chemical  and  physical  properties  were  also 
investigated.  Using  the  single  crystal  samples,  differential  ther¬ 
mal  analyses  and  x-ray  diffraction  patterns  were  obtained. 
Some  samples  were  also  analyzed  by  wet-chemical  techniques 
to  determine  the  composition.  By  analyzing  this  data,  a  phase 


diagram  was  plotted  in  this  pseudo-binary  regioiL  Additioiu%, 
the  lattice  constants  were  calculated  and  plotted  from  the  x-ray 
data.  By  combining  all  this  information  into  a  composite  plot, 
it  can  be  shown  that  liSrAlF^-  LiSrCrFs  is  truly  a  continuous 
solid-solution  widi  a  very  narrow  solid-liquid  region.  These 
results,  together  with  all  the  relevant  process  and  giowdi 
parameters  of  interest  will  be  summarized  and  presented. 

This  wodt  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  livenmore  National  Labo¬ 
ratory  under  Contract  No.  W-74Q5-Eng-48. 


1.  S  A.  Pi^e,  W.F.  Kiupke,  L.K.  Smith.  W.L.  Kway,  and  LX). 
DeLoach.  Advanced  Solid  State  Lasers,  Santa  Fe,  NM 
(1992). 
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NOVEL  PRECURSORS  FOR  ORG ANOMETALUC  VAPOR  PHASE  EPITAXY 

G£.  Stringfellow 

Dq)artments  of  Materials  Science  and  Engineering 
and  Electrical  Engineering 
University  of  Utah,  Salt  Lake  City,  Utah  84112 


During  the  development  of  organometallic  vapor  phase 
epitaxy  (OMVPE)  for  the  growth  of  III/N  semiconductor  mate¬ 
rials,  the  choice  of  group  IQ  and  group  V  source  molecules  has 
been  limited:  1)  only  trimethyl-  and  triethyl-group  IQ  and  anti¬ 
mony  conqrounds,  developed  for  other  applications,  were 
available;  2)  the  hydrides  were  the  only  As  and  P  sources 
enable  of  producing  device  quality  material.  The  hazard  posed 
by  the  hydride  sources,  due  to  their  extreme  toxicity  as  well  as 
their  storage  in  high  pressure  cylinders,  was  a  major  motivation 
for  the  development  of  new  precursor  molecules.  This  led  to 
die  realization  that  many  features  of  the  OMVPE  process  could 


be  inqnoved  by  the  development  of  “designer”  source  mole¬ 
cules.  This  paper  will  emphasize  the  tertiaryb  atyl-As,  P,  and  Sb 
precursors  C4H9ASH2,  C4H9PH2,  and  C4H9Sb(CH3)2.  How¬ 
ever,  recent  results  using  alternate  In  precursors,  such  as 
triisopropylindium  (C3H7)3ln,  will  be  included.  The  fimda- 
mental  aspects  of  the  design  of  smirce  molecules,  including 
pyrolysis  routes,  will  be  mentioned;  however,  the  talk  will 
focus  on  the  pracdcal  results  obtained  using  diese  precursors 
for  the  OMVPE  growth  of  IQ/N  semiconductors  such  as  GaAs, 
GaSb,  InP,  InAs,  and  biSb. 


THE  MODELING  OF  MOVPE  GaAs  GROWTH  FROM  (CiHslzGaa  AND  AsHj  ASSUMING 
THERMODYNAMIC  EQUILIBRIUM  AT  THE  GROWTH  FRONT 
Matthias  Hierlemann  and  Thomas  F.  Kuech 
University  of  Wsconsin 

Department  of  Chemical  Engineering,  Madison.  WL  53706  USA 


Metal-organic  vapor  phase  epitaxy  (MOVPE)  of  GaAs  is 
carried  out  in  a  ‘cold-wall’  flowing  gas  reactor.  The  typical 
growth  reactants  are  metal  organic  compounds,  such  as 
(CH3)3Ga  and  (CH3)3A1,  that  decompose  rapidly  at  the  growth 
front.  The  modeling  of  the  growth  rate  and  uniformity  is  often 
accomplished  using  the  assumption  of  a  very  fast  surface 
decomposition  reaction  rate  which  leads  to  the  appearance  of  a 
mass  transport  limited  growth  rate.  A  quantitative  description 
of  the  growth  from  these  precursors  can  be  achieved  by  using 
this  assumption.  In  previous  calculational  studies,  thermody¬ 
namic  equilibrium  is  therefore  not  invoked  at  the  growth  sur¬ 
face.  Thermodynamics  does  play  a  role  in  these  reactions  in 
providing  the  driving  force  for  the  growth  and  local  thermody¬ 
namic  equilibrium  between  the  gas  ambient  and  the  growth 
front  may  determine  some  materials  properties. 

Other  growth  precursors  have  been  used  in  the  MOVPE 
growth  system  that  provide  a  difference  in  the  growth  charac¬ 
teristics,  with  respect  to  the  primary  system  variables  such  as 
pressure  and  tenqrerature,  as  well  as  exhibiting  new  growth 
habits.  We  have  studied  the  growth  of  GaAs  and  AljGaj.^As 
from  the  metal-orgaiuc  precursors,  diethyl  gallium  (alununum) 
chloride,  (CjHslTpaCAllCl,  and  arsine  (ASH3).  This  growth 
chemistiy  has  been  successfully  used  to  produce  selective  area 
growth  over  a  wide  range  of  growth  conditions.  The  experi¬ 
mentally  determined  growth  rate  and  composition  of  GaAs  and 
AljGai.xAs  from  these  chloride-based  precursors  exhibit  a 


much  stronger  dependence  on  temperature  and  gas  i^ase  com¬ 
position  than  with  the  conventional  all  organic  ligand  com¬ 
pounds  typically  employed  in  the  growth.  Previous  studies 
have  indicated  that  calculations  based  on  thermodynamic  equi¬ 
librium  can  qualitatively  describe  tins  dqxndence  on  tempera¬ 
ture  and  gas  phase  composition.  In  order  to  quantitatively 
model  and  understand  the  growth  behavior,  the  assumption  of 
local  thermodynamic  equilibrium  at  the  growth  front  must  be 
included  within  a  realistic  model  of  the  flowing  gas  environ¬ 
ment. 

This  present  work  presents  a  two-dimensional  model  of  the 
epitaxial  growth  of  GaAs  witiiin  a  horizontal  reactor  using 
(C2Hs)3GaCl  and  A5H3.  The  velocity,  temperature,  and  con¬ 
centration  fields  have  been  solved  for  using  the  Galetldn  finite 
element  method.  This  growth  model  involves  the  assumption 
of  thermodynamic  equilibrium  as  a  boundary  condition  at  the 
growth  surface.  A  form  of  marching  solution  with  dytumuc 
implementation  of  the  reaction  boundary  condition  is  used  to 
incorporate  the  thermodynanuc  equilibrium  assunqrtion.  The 
description  of  the  incorporation  of  this  boundary  condition  into 
the  calculation  will  be  described  since  it  is  a  departure  from  the 
usually  employed  boundary  conditions  within  the  MOVPE 
model  description.  Comparison  of  die  calculated  growth  rates 
with  experimental  data  indicates  the  surface  may  not  be  fully 
described  by  this  assumption  and  kinetic  factors  may  play  an 
important  role  in  the  growth  reaetkm. 
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MOVPE  GROWTH  OF  InGaAsP  USING  EDMIn,  TBP  AND  TBA  FOR  OPTICAL  DEVICES 
Matsuyuki  Ogasavara  and  Yoshihiro  Imamura 
NTT  Opto-electronics  Laboratories 
3-1,  Moiinosato  Wakamiya,  Atsugi-shi,  Kanagawa,  243-01  Japan 


Introduction:  Ethyldimethylmdiiun(EDMIn)[l]  is  a  liquid 
In  source  whose  feed  rate  is  stabler  than  that  of  solid  1^. 
Tertiatybutylphos{Aiine(TBP)  and  tertiatybutylarsine(TBA)[2] 
are  less  hazardous  group-V  sources  that  can  replace  toxic  PH3 
and  ASH3.  Therefore,  horn  the  viewpoint  of  safety  in  manufac¬ 
turing  the  combination  of  EDMIn,  TBP  and  TBA  is  very 
important  to  reproducibly  obtain  high-quality  InGaAsP  lattice 
matched  to  InP.  Some  anomalous  vqxrr  phase  reactions  were 
observed,  but  they  did  not  affect  the  controllability  of  InGaAsP 
composition.  DH  wafers  grown  using  these  new  sources  were 
applied  to  DFB-laser. 

Experiments:  Growth  experiments  were  performed  using  a 
horizontal  reactor.  Purified  was  used  as  a  earner  gas.  The 
flow  rates  of  EDMIn  and  TBP  were  kept  constant,  and  the  flow 
rates  of  TEG  and  TBA  were  varied  to  investigate  lattice  match¬ 
ing  conditions.  Typical  growth  conditions  are  summarized  in 
Table  1. 

Results  and  Discussion:  The  InGaAsP  having  bandg^ 
wavelength  between  U  pm  and  1.67  pm  were  successfully 
grown  widi  good  compositional  controllability  using  the  new 
sources.  The  morphology  and  PL  intensity  of  DH  wafers  were 
comparable  to  those  using  conventional  sources.  Some  anoma¬ 
lous  phenomena  were  also  observed.  Hrst,  growth  rates  were 
dependent  on  V/DI  ratio.  Second,  the  group-III  distribution 
coefficient  Iqji  became  lower  as  the  TBA  partial  pressure  was 
increased  (see  Fig.l).  The  origin  of  these  phenomena  is 
thought  to  be  vapor  phase  reactions  between  ethyl  radicab  of 
EDMIn  and  tertiarybutyl  radicals  of  TBP  and  TBA.  DFB-lasers 
were  fabricated  Grom  DH  wafers  grown  using  new  sources  and 
their  performance  was  comparable  to  DFB-lasers  fabricated 
using  conventional  sources. 


It  has  been  demonstrated  that  a  devke-quali^  InGaAsP  can 
be  grown  by  MOVPE  using  new  sources.  This  mdic.Ues  that 
combiiuttion  of  EDMIn,  TBP  and  TBA  is  useful  for  MOVPE 
growth  of  InGaAsP  for  optical  devices. 

Table  1.  Typical  Growth  Condition 

Growdi  Pressure:  KXltorr 
Growth  Temperature:  S70*C 
Total  Flow  Rate  (H2):  8SLM 
EDMin:  5.9  x  10-7  mol/min. 

TBP:  6.6  X 10-4  mol/min. 

V/m  Ratio:  23- 124 


Figure  1. 


[1]  J.  Knauf,  et  al:  J.  Cryst.  Growth  93,  (1988)  34. 

[2]  GB.  Stringfellow:  J.  Electron.  Mater  17,  (1988)  327. 


MOeVD  GROWTH  OF  In  As  FROM  MONOETHYL  ARSINE 
RJ.  Egan,  TL.  Tansley  and  V.WL.  Chin 
Semiconductor  Science  and  Technology  Laboratories 
Physics  Department,  Macquarie  University,  NSW  2109,  Australia 


We  have  grown  InAs  and  InAsSb  on  GaAs  substrates  using 
a  novel  chilled  monoethyl  arsine  source  by  low  pressure 
MOeVD.  Conventional  tiimethyl  indium  and  trimethyl  anti¬ 
mony  precursors  were  used  to  source  the  other  components. 
The  reduced  vapour  pressure  and  lower  decomposition  temper¬ 
ature  of  the  cooled  metaloiganic  arsenic  source  enabled 
enhanced  compositional  control  over  the  alloy.  A  wide  range  of 
conditions  of  temperature  and  V/IQ  ratio  prove  amenable  to  the 
growth  of  specular  epilayers  of  InAs  a^  InAsSb  on  GaAs, 
despite  the  large  lattice  mismatch.  In  particular,  temperatures 
as  low  as  420*C  have  been  employed  to  grow  epilayers  of  good 
morphology.  Mobilities  for  InAs  prepare  at  reduced  substrate 


temperature  are  only  marginaUy  less  than  those  grown  from 
arsine  at  higher  temperatures  (1000  on^V's'*  for  n=2xl0’* 
cm'^).  InAsSb,  of  high  antimony  content,  exhibits  high 
mobilities  (20  000  cm^V's’*  for  n=10’*cm'^),  comparable  to 
other  reported  values.  Epilayers  were  n-type  for  all  conditions 
considered.  A  reduction  in  carrier  concentration  and  enhance¬ 
ment  of  mobility  is  observed  vrith  increasing  substrate  temper¬ 
ature.  We  report  a  study  of  growth  rate  and  transport  properties 
as  a  frmetion  of  substrate  temperature  and  V/IIl  ratio,  comple¬ 
menting  a  theoretical  understanding  of  the  transport  properties 
of  the  alloy. 
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THE  GROWTH  OF  InSb  USING  ALTERNATE  ORGANOMETALUC  Sb  SOURCES* 

RM.  Biifeld 

Sandia  National  Laboratories,  Albuquerque,  NM  8718S 


Recently,  infrared  response  has  been  demonstrated  for 
strained-layer  superlattices  (SLS’s)  out  to  16 
pm.  Factors  affecting  the  performance  of  these  devices  include 
background  doping  and  dopant  profiles.  Alternate 
organometallic  Sb  sources  are  being  investigated  to  improve 
the  materials  characteristics  of  InSb  grown  by  metal-orgaiuc 
chemical  vapor  deposition  (MOCVD).  The  best  InSb  grown  in 
this  laboratory  by  MOCVD  at  200  Torr,  470  C  using 
trimethylindium  (TMIn)  and  trimethylantimony  (TMSb)  at  a 
V/m  ratio  of  35  has  a  p-type  carrier  concentration  of  3  x  10*^ 
cm'^  and  a  mobility  of  9700  cm^/Vs.  This  material  is  of  better 
quality  than  the  material  previously  grown  in  this  laboratory  at 
atmospheric  pressure.  friSb  grown  using  TMIn  and  TESb 
yielded  similar  quality  materials  under  similar  growth  condi¬ 
tions.  InSb  grown  using  TEIn  and  TESb  under  similar  growtli 
conditions  yielded  very  poor  qualiQr  n-type  material.  Two  new 
organometallic  Sb  sources,  triisopropylantimony  CITPSb)  and 
tertiarybutyldimethylantiomy  O^DMSb)  are  being  investi¬ 
gated.  The  growth  of  InSb  using  TlPSb  or  TBDMSb  and  TMIn 
was  investigated  over  a  temperature  range  of  350  to  475  C.  The 
growth  of  InSb  using  TMIn  and  TIPSb  resulted  in  very  low 
growth  rates,  '^=0.04  pm/h,  due  to  the  low  vapor  pressure  of 


TIPSb  and  the  high  V/QI  ratios  required  for  growth  at  350  C. 
The  InSb  grown  at  350  C  was  n-type  with  a  carrier  concentra¬ 
tion  of  2.3  X  10*^  cm'^  and  a  mobility  of  37,330  cm^/Vs.  The 
majority  carrier  type  changed  from  n-type  to  p-Q^  depending 
on  the  growth  conditions.  Low  temperature,  low  pressure  and 
high  TMIn  flow  rates  favored  n-type  growth.  The  mobilities 
for  the  n-type  material  were  similar  to  those  of  LnSb  prqtared 
using  TIPSb  which  are  considerably  below  those  in  the  litera¬ 
ture  for  InSb  grown  from  the  liquid  as  well  as  those  grown  with 
an  n-type  dopant  by  MOCVD  in  this  laboratory.  The  surface 
morphology  of  LtiSb  grown  using  either  TIPSb  or  TBDMSb 
was  very  rough  for  growth  temperatures  <=400  C.  This  may  be 
due  to  the  complex  decomposition  mechanisms  involved  and 
the  presence  of  methyl  groups  on  the  surface.  The  effects  of 
pressure,  temperature,  3/S  ratio  and  sources  on  the  properties  of 
InSb  will  be  discussed.  Work  is  under  way  to  investigate  the 
use  of  TEIn  with  these  sources  as  well  as  new  Sb  and  In 
sources  as  they  become  available. 


*This  wodt  was  stqrported  by  the  US  DOE  under  Contract  No. 
DE-AC04-76DP00789. 


STUDY  ON  INTERFACES  OFMOVPE  GaAs/AlxGai.xAs  QUANTUM  HETEROSTRUCTURES 
Xiangang  Xu,  Hongwen  Ren.  Baibiao  Huang,  Shiwen  Liu  and  Minhua  Jiang 
Lrtitute  of  Ciystal  Materials,  Shandong  Univ.,  Jinan,  P.R.  China 


This  paper  presents  study  on  the  interfaces  of  Metalorganic 
Chemical  Vapor  Epitaxy  (MOVPE)  GaAs/AlxCaj.^As  quan¬ 
tum  heterostructures.  Both  cross-sectional  transmission  elec¬ 
tron  microscopy  (TEM)  and  low  temperature 
photolununescence  (PL)  are  used  to  characterize  the  hetero- 
interfacial  structure  and  the  optical  properties  of  the  epilayers. 

The  initial  stage  of  nucleation  on  the  substrate  has  been 
clearly  verified  examining  the  undulations  of  a  30nm  GaAs 
layer  sandwiched  between  the  substrate  and  the  supo-lattice 
used  as  buffer  layer  in  high  electron  mobility  transistor 
(HEMT)  devices.  Both  AlojGao  sAS/GaAs  and  AlAs/GaAs 
superlattices  can  smooth  out  interface  roughness  caused  by 
contaminations  and  dislocations  on  the  substrate  surface.  The 
smoothing  mechanism  is  mainly  due  to  the  migrations  of  Ga 
and  A1  species  on  the  growing  surface  and  the  anisotropic 
growth  rate  of  GaAs  on  different  facts. 


Interrupted  growth  causes  additional  interface  in  MOVPE. 
We  have  chosen  0,  30,  60,  90  seconds  interrupting  times  in 
some  growths  respectively.  The  quantum  wells  grown  by  using 
30  seconds  intenuption  at  the  heterointerface  have  a  weak 
exciton  luminescence  measured  at  IIK.  The  90  seconds  inter¬ 
ruption  in  the  HEMT  causes  additional  interfaces  and  the 
device  does  not  possess  the  desired  properties.  Double-barrier 
resonant  tuimeling  diodes  (DBRTD18)  was  grown  with  inter¬ 
ruption  at  the  interface  between  the  barrier  and  the  well. 
DBRTD69  was  grown  without  any  interruption.  The  ratios  of 
the  current  peak  to  valley  in  the  I-V  curve  for  DBRTD18  and 
DBRTD69  are  0.9  and  13,  respectively.  The  (100)  tross-sec- 
tional  TEM  image  shows  that  additional  interfaces  are  formed 
in  DBRTD18. 

In  conclusion,  superlattices  used  as  buffer  layers  can 
smooth  out  interface  roughness.  Intenupting  more  than  30  sec¬ 
ond  may  cause  additional  interface  in  MOVPE. 
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NOVEL  characterization  TECHNIQUES  TO  OBTAIN  BASIC  SEMICONDUCTOR 
PROPERTIES  IN  EPITAXIAL  CRYSTALS  AND  QUANTUM  WELL  STRUCTURES 
BK.  Meyer,  C.  Wetzel,  P.  Onding*  and  F.  Scholz** 

Physikdepartment,  E 16,  Technical  UniveisiQr  Munich,  8046  Garching,  Germany 
^Department  of  Solid  State  Physics,  University  of  Lund,  Box  118,  Lund,  Sweden 
**4.  Physikalisches  Institut,  University  Stuttgart,  Pfaffenwaldiing  S7, 7000  Stuttgart,  Germany 


Band  gap  engineering  is  a  key  word  for  modelling  new 
semiconductors,  in  composition  as  well  as  in  doping.  This 
refers  to  semiconductors  such  as  InGaP  as  well  as  to  strained 
InGaAs  epitaxial  crystals  and  realizing  p-moduladon  doped 
Quantum  Well  (QW)  structures  in  InGaAs.  Very  often  classical 
characterization  techniques  (Hall  effect,  current  transport)  fail 
because  the  inability  to  make  contacts  for  electrical  character¬ 
ization.  However,  basic  properties  such  as  effective  masses, 
mobilities  (scattering  times),  scattering  mechanism  and  carrier 
densities  in  two  dimensional  systems  can  be  obtained 
advanced  contactless  microwave  techniques.  We  will  report  on 
Shubnikov  de  Haas  measurement  (carrier  density)  in  doped 
and  undoped  InGaAs  single  QW’s  using  electron  spin  reso¬ 


nance  techniques[l],  which  show  the  advantage  of  this 
advanced  tech^que.  By  the  application  of  optically  detected 
cyclotron  resonance  in  the  microwave  and  far-infrared  ret^ion, 
scattering  times  and  thus  mobilities  of  high  purity  epitaxial 
crystals  as  well  as  QW,s  could  be  studied.  The  role  of  the 
interface  roughness  and  interface  scattering  with  decreasing 
QW  thickness  is  discussed  by  comparing  binary  and  ternary 
semiconductor  QW’s. 


[1]P.  Omling,  B.K,  Meyer  and  P.  Emanuelsson,  Appl.  Phys. 
Lerr.  58  (1991)  931. 


STABLE  STRAINED  SUPERLATTICES:  FORMATION  VU  COHERENT 
PHASE  SEPARATION  OF  SEMICONDUCTOR  ALLOYS 
IP.  Ipatova,  V.G.  Malyshkin,  A.Yu.  Maslov  and  VA.  Shchukin 
A.F.  Ioffe  Physical  Technical  Institute 
194021  Sl  Petersburg,  USSR 


TTie  theory  of  thermodynamical  stability  of  IQ-V  Aj.^B, 
Cj.yDy-type  quaternary  semiconductor  alloys  is  developed 
with  respect  to  coherent  phase  separation.  It  is  shown  that  the 
"soft  mode”  providing  instability  corresponds  to  the  phase 
separation  into  a  periodic  structure  of  layers  with  alternating 
alloy  composition  (a  system  of  compositional  domains,  e.g.  a 
strained  superlattice  with  a  macroscopic  periodicity).  The 
phase  separation  is  governed  by  the  interplay  of  two  terms  in 
the  free  energy,  Fchemical  ^  ^ELASTIC- 1"  '^th  posi¬ 
tive  formation  enthalpy,  Fchemical  provides  the  tendency  to 
phase  separation.  The  elastic  contribution  plays  the  stabilizing 
role,  it  hindos  the  phase  separation,  and  results  in  the  lowering 
of  the  phase  transition  temperature  T^.  It  is  proven  that  in  the 
case  of  coherent  phase  separation  into  the  layered  system,  the 


stabilizing  factor  of  elastic  strains  does  not  prevent  completely 
the  phase  sqtaration  of  quaternary  aUoys. 

The  layered  system  is  formed  along  the  direction  of  the 
lowest  stiffriess,  namely  [100]  for  m-V  alloys.  The  period  of 
the  structure  is  determined  by  the  inhomogeneous  part  of 
Pelastic- 

The  phase  diagrams  presenting  miscibility  limits  and 
regions  of  absolute  instability  are  numerically  calculated  for 
GaAIAsSb  and  GalnAsP.  The  periods  of  corresponding 
absolutely  stable  superlattices  are  found  to  be  of  the  order  of 
10-100  run. 

The  results  are  in  qualitative  agreement  with  many  experi¬ 
mental  data  on  spatially  modulated  structures  observed  in  epi¬ 
taxial  growth  of  m-V  alloys. 
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SOLID  SOURCE  MOCVD  OF  OXIDE  THIN  FILMS 
R.  Hiskes  and  SA.  DiCarolis 
Hewlett  Packard  Laboratories,  3S00  Deer  Creek  Road 
Palo  Alto.  CA943(B 
Z.  Lm  and  RS.  Feigelson 

Department  of  Materials  Science  and  Engineering 
R.K.  Route,  Center  for  Materials  Research 
Stanford  University,  Stanford,  CA  94305-4045 
Jl,.  Ibung 

Department  of  Materials  Science 
University  of  California,  Los  Angeles.  CA  90024 


A  novel  and  inexpensive  single  source  metalorganic  chemi¬ 
cal  v^r  dqxrsidon  reactor  has  been  developed  at  Hewlett 
Packard  Laboratories  which  permits  the  controUed  and  repro¬ 
ducible  growth  of  device  quality  thin  film  heterostnictures  on  a 
variety  of  substrates,  using  mar^nally  volatile  beta-diketonate 
powdered  solid  sources.  This  reactor  has  been  used  to  deposit 
state-of-the-art  dielectrics,  ferroelectrics  and  yttrium  barium 
copper  oxide  high  temperature  superconducting  multilayers  on 


substrates  up  to  4"  in  diameter.  The  tedmique  is  readily  appli¬ 
cable  to  a  variety  of  other  oxide  and  non-oxide  material  sys¬ 
tems.  In  this  talk  we  will  descnbe  the  reactor  and  present  recent 
results  for  single  layers  and  heterostiuctures  of  YBCO,  MgO, 
Ce02  and  other  oxides  on  sapphire  and  related  substrates  for 
superconducting  biepitaxial  juncdons,  microwave  devices, 
sensors  and  ferroelectric  applications. 


SOLID  SOURCE  MOCVD  FOR  EPITAXIAL  OXIDE  THIN  FILM  GROWTH 

Z.  Lu  and  RS.  Feigelson 

Department  of  Materials  Science  and  Engineering 
R.K.  Route,  Center  for  Matmals  Research 
Stanford  University.  Stanford,  CA  94305-4045 
SA.  DiCarolis,  R.  Hiskes  and  RD.  JacowUz 
Hewlett-Packard  Laboratories 
3500  Deer  Creek  Road,  Palo  Alto.  CA  94305 


Metal-organic  chemical  vapor  deposition  (MOCVD)  has 
been  used  to  grow  thin  Hints  of  Cd02.  MgO,  LiNb03  and 
(SrxBaj.x)Nb20e  tising  all  solid  phase  P-diketonate  sources 
and  a  novel  steady-state  method  for  delivering  the  reactants  to 
the  heated  substrate.  Epitaxial  Ce02  buffer  layers  (120A  thick) 
were  grown  on  R-plane  stqrphire  substrates  to  facilitate  the 
growth  of  YBCO  on  sapphire  for  microwave  qtplications.  X- 
ray  diffraction  studies  have  shown  that  both  100%  (100)-ori- 
ented  and  100%  (lll)-oriented  Ce02  films  can  be  grown, 
depending  on  the  growth  system  parameters.  Higher  substrate 
temperatures  favor  the  (111)  orientation.  Atomic  force  micro¬ 


scopic  (topographic)  analysis  has  revealed  average  surface 
roughness  in  the  ±20A  range,  which  translates  to  only  a  few 
Ce02  lattice  constants  and  little  more  than  one  YBCO  c-axis 
lattice  constant 

MgO  buffer  layers  on  SrTi03  substrates,  which  are  used  for 
the  growth  of  high  Tc  grain  boundary  Josephson  junctions, 
have  been  grown  with  (100)  orientatioit  Micron  thick  LiNb03 
films  for  optical  waveguide  applications  and  (SrxBai.,i)Nb205 
films  for  holographic  storage  applications  are  also  under  study. 

Details  of  the  MOCVD  growth  method  and  recent  results  in 
thin  film  growth  and  property  determinations  will  be  presented. 
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OMC VD  GROWTH  OF  YBa2Cu307^  THIN  FILMS  ON  SrTI03  AND  LaAlOj 
William  J.  DeSisto,  RL.  Henry,  HS.  Newman,  MS.  Osofsky  and  V.C.  Cestone 
Naval  Research  Laboratory.  Washington,  DC  2037S-5000 


Thin  nims  of  YBa2Cu307.g  have  been  deposited  on  (100) 
SrTi03  and  (100)  LaA103  by  organometallic  chemical  vapor 
deposition,  llie  tetramethylheptanedionates  of  Y,  Ba,  and  Cu 
were  used  as  the  solid  sources  for  transport  Hlms  were  grown 
under  reduced  pressure  using  nitrous  oxide  as  an  oxidizing 
source.  Growth  temperatures  were  varied  from  700  to  775*C. 
Film  growth  rates  were  between  300  and  1000  A/hr.  The  met¬ 
als  ratio  in  the  films  were  controlled  by  accurately  controlling 
the  source  bubbler  temperatures  to  within  O.l'C.  Films  depos¬ 
ited  on  both  LaAlOs  and  Sr'Ii03  at  775*C  have  T^’s  between 
87  and  89  K  with  J^’s  of  1-3  x  10*  Amps/cm^  (measured  at  77 


K).  At  lowCT  growth  temperatures  (700  -  750"C),  T^  and  of 
films  on  LaA103  degrade  more  significantly  than  films  on 
SiTi03.  Microwave  surface  resistance  vs.  temperature  mea¬ 
surements  for  thicker  films  (i.e.  5000  A)  grown  at  77S‘C  have 
been  measured  in  a  36  GHz  cavity  and  show  a  sharp  drop 
through  the  transition  temperature,  indicative  of  high  quality 
thin  films.  Calculated  R,  values  conesponding  to  10  GHz  indi¬ 
cate  improvements  greater  than  an  order  of  magnitude  over 
copper  metal  at  77  K.  The  effect  of  film  stoichiometry  and 
growth  conditions  on  film  properties  will  be  discussed. 


GROWTH  OF  EPITAXIAL  Bl2Sr2Ca„.iCu„02,^^4  FILMS 
BY  PULSED  LASER  ABLATION 

Shen  Thu*,  Douglas  H.  Lowndes,  B.  Chakoumakos,  R.  Feenstra  and  X.-Y  Zheng* 
Solid  State  Division,  Oak  Ridge  National  Lafaoratoiy,  Oak  Ridge,  TN  37831-6036 
♦Dept,  of  Physics  and  Astronomy,  University  of  Tennessee,  Knoxville,  TN  37996 


Pulsed-laser  ablation  (PLA)  has  been  widely  used  to  grow 
epitaxial  YBa2Cu307.x  (YBCO)  thin  films,  as  well  as  multi¬ 
layer  and  superlattice  structures  based  on  YBCO.  However, 
there  has  been  much  less  use  of  PLA  to  grow  epitaxial  films  in 
the  Bi2Sr2Can.iCun02n+4  (BSCCO)  system,  in  part  because 
several  competing  phases  coexist,  e.g.,  stable  n  =  1,  2  and  3 
materials  (the  last  two  of  which  have  Tj  ~  80  K  and  -107  K. 
respectively),  as  well  as  unstable  phases  with  higher  n.  To 
compound  the  phase-purity  problem,  the  superconducting 
properties  in  BSCCO  are  quite  sensitive  to  oxygen  content,  and 
can  be  modified  by  low-temperature  oxygen  post-aimealing  to 
obtain  optimal  doping  (probably  accompanied  by  smaU  rear¬ 
rangements  of  cations).  We  are  carrying  out  a  systematic  study 
of  in  situ  BSCCO  film  growth  by  PLA,  starting  from  stoichio¬ 
metric  polyciystalline  targets  of  the  various  pure  phases.  The 
focal  points  of  the  study  are  (1)  to  determine  the  role  of  sub¬ 
strate  temperature  and  ambient  oxygen  pressure  in  controlling 
BSCCO  ]^ase  formation  and  phase  purity,  and  to  determine 
the  film  growth  mechanism(s).  We  also  are  studying  the  effect 
on  superconducting  transport  properties  of  oxygen  addi¬ 


tion/removal  by  post-annealing  in  controlled  atmospheres,  in 
order  to  obtain  optimal  doping  for  superconductivity.  The  pri¬ 
mary  analytic  tools  are  x-ray  diffraction  (to  determine  phase 
purity),  scanning  tunneling  microscopy  and  transmission  elec¬ 
tron  microscopy  (to  study  growth  mechanisms,  at  various 
stages  of  growth),  and  superconducting  transport  measure¬ 
ments  (for  Tc,  transition  width,  and  Jc).  Films  ranging  in  thick¬ 
ness  from  a  few  unit  cells  to  -250  nm  are  being  grown  on 
MgO,  Sr'n03,  and  LaA103  substrates  for  the  growth  mecha¬ 
nism  studies.  We  find  that  it  is  possible  to  select  particular 
phases  by  careful  control  of  deposition  conditions.  For  the  in 
situ  2212  films,  we  find  Tc(R  =  0)  -60  K,  but  with  an  onset 
temperature  that  varies,  depending  on  the  presence  of  small 
amounts  of  other  phases. 


This  research  was  sponsored  by  the  Division  of  Materials 
Sciences,  U.S.  Department  of  Energy  under  contract 
DE-AC05-840R21400  with  Martin  Marietta  Energy  Systems, 
fric. 
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GROWTH  OF  SUPERCONDUCTING  WHISKERS  IN  Bi  SYSTEM 
Ichiro  Matsubara,  Hiroshi  Yamashita  and  Tomoji  Kawai* 
Govenunent  Industrial  Research  Institute,  Osaka, 
Midorigaoka,  Dceda,  Osaka  S63,  Japan 
'‘‘The  Institute  of  Scientific  and  Industrial  Research. 

Osaka  University,  Ibaraki,  Osaka  S67,  Japan 


This  paper  presents  growth  and  properties  of 
Bi2Sr2CaCu2Qx(2212)  and  Bi2Sr2Ca2Cu30x(2223)  supercon¬ 
ducting  whiskers.  The  2212  whiskers  have  been  prepared  by 
annealing  a  melt-quenched  glass  plate  in  a  stream  of  O2  gas. 
The  whiskers  grow  up  from  the  surface  of  the  glass  plate.  Each 
whisker  with  the  dimensions  of  2-lOpm  thick,  lO-SOOpm  wide 
and  -ISinm  long  is  composed  of  several  plate-like  single  crys¬ 
tals  which  are  stacked  in  a  layered  structure.  The  glass  state  as 
a  precursor  is  necessity  for  growing  the  whisker,  no  whisker 
grows  from  a  polycrystalline  precursor.  Although  the  reason  of 
the  necessity  of  the  glass  precursor  is  not  clear,  the  growth 
mechanism  is  considered  to  be  the  base  end  growdi,  that  is,  the 
growing  point  is  a  bottom  part  of  the  whisker.  The  critical 
temperature  of  this  whisker  is  77K  by  suscmtibiliw  measure¬ 
ments  and  a  critical  current  density  of  7.3x10^ A/cm^  (66K,  OT) 
is  obtained.  One  of  the  most  characteristic  propeities  of  this 
whisker  is  its  bending  property.  The  2212  whiskers  are  elasti¬ 
cally  bent  up  to  0.2mm  of  the  curvature  of  radius  correspond¬ 
ing  to  a  bending  strain  of  0.5%.  A  maximum  tensile  strength 


and  elastic  modulus  obtained  from  stress-strain  curve  are 
930MPa  and  97GPa,  respectively. 

On  die  other  hand,  die  2223  whiskers  have  been  prepared 
by  Conversion  by  Annealing  in  Powder  method  (CAP 
mediod).  IVptcaUy  the  2212  whiskers  are  annealed  in  a  Ca  and 
Cu  rich  Bi-Sr-Ca-Cu-Pb-O  calcined  powder.  When  the  anneal¬ 
ing  temperature  is  appropriate,  the  whiskers  convened  to  the 
2223  phase  are  removable  from  die  calcined  powder.  The  sur¬ 
face  of  the  CAP  treated  whisker  loses  Harness  and  smoothness 
compared  with  the  original  2212  whiskers  and  it  has  many 
steps  with  round  edge,  suggesting  the  existence  of  a  liquid 
phase  around  the  whiskers  during  the  annealing.  The  appropri- 
ate  annealing  temperature  is  in  the  partial  melting  region  of  the 
calcined  powder,  as  determined  by  DTA  analysis.  The  phase 
conversion  is  considered  to  be  brought  by  difiusion  of  Ca  and 
Cu  into  the  2212  whiskers  from  the  liquid  phase.  The  CAP 
mediod  has  been  also  applied  to  single  crystals  prepared  by  a 
flux  method,  resulting  in  2223  sheet  crystals  as  large  as  Imm^ 
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DETAILED  STUDY  ON  HIGH  T^  PHASE  OV  BtSrCaCuO  FROM 
HIGH  TEMPERATURE  SOLUTIONS 
Satoru  Miyashita,  Hiroshi  Komatsu,  Tetsuo  Inoue,  Shigeyuki  Hayashi, 

Hiroyuki  Horiuchi*  and  Shigeho  Sueno** 

Institute  for  Materials  Research.  Tohoku  University,  Katahira,  Sendai  930,  Jqran 
*Mineralogical  Institute,  Faculty  of  Science,  University  of  Tokyo,  Hongo,  Tokyo  1 13,  Jq>an 
**Institute  of  Geoscience,  University  of  Tsukuba,  Tsukuba-city  305,  Jq>an 


Three  types  of  Bi-based  oxide  superconductors, 
Bi2Sr2Cu05,  Bi2Sr2CaCuOg  (low  Tc  Phase)  and 
Bi2Sr2Ca2Cu30io  (high  T^  Phase),  are  known.  We  need  a  reli¬ 
able  phase  diagram  to  grow  single  crystals  of  the  high  T^  phase 
from  a  solution.  Shigematsu  et  al.  proposed  the  Bi2(Sr,Ca)04- 
(Sr,Ca)Cu02  pseudo  binary  phase  diagram^*  which  shows  no 
iiquidus  coexisting  with  the  high  T^  phase.  However,  there  are 
a  few  reports  suggesting  that  the  crystal  of  the  high  T^  phase 
can  be  grown  from  a  liquid^^.  We  carried  out  experiments 
using  high  temperature  optical  micro.scopy  and  differential 
thermal  analysis,  and  proposed  a  modified  phase  diagram^^^. 
There,  we  suggested  the  coexistence  of  a  liquid  in  the  narrow 
temperature  range,  since  it  decomposed  into  the  low  Tc  phase 
by  a  peritectic  reaction  as  temperature  was  decreased,  fri  this 
work,  we  prove  the  coexistence  of  the  high  Tc  phase  and  the 
liquid  by  using  x-ray  and  EDX  analysis. 

The  starting  material  used  was  the  low  Tc  phase  crystals 
grown  from  the  flux  (Bi:SrCa;Cu=1.65:l:l;1.35).  These  sam¬ 
ples  were  heated  in  air  at  a  rate  of  3*C/min  under  a  high 
temperature  optical  microscope.  As  temperature  is  increased, 
the  low  Tc  crystals  began  to  decompose  into  liquid  at  865*C. 
When  we  kept  the  samples  at  this  temperature,  needle  crystals 
of  (SrCa)Cu02  began  to  grow.  Then,  two  kinds  of  solids  (the 
needle  and  the  low  Tc  {diase)  and  a  liquid  co-existed  for  a 
while.  10  hours  later,  very  thin  plate  crystab  began  to  grow  on 
the  surface  of  the  liquid  and  grew  for  20  hours.  We  quenched 
them  at  a  rate  of  100*C/s,  then  annealed  at  800'C  for  24  hours 
in  oxygen  flow  in  order  to  oxidize.  The  annealing  temperature 
being  low  enough,  no  phase  change  occurred.  We  measured  the 
electric  resistance  of  them,  which  clearly  revealed  the  existence 
of  the  high  Tc  phase.  It  was  assumed  that  the  thin  plate  crystals 
were  the  high  Tc  phase.  The  size  of  these  crystals  was  too  small 
(100  X  100  X  2/|lm^)  for  us  to  identify  the  high  Tc  phase  by 
normal  x-ray  diffraction.  Therefore,  a  microfocus  x-ray  dif¬ 
fractometer  was  used  to  identify  them.  The  incident  beam  size 
was  50|im  in  diameter.  One  of  their  (001)  x-ray  profiles  is 


shown  in  the  figure.  Peaks  attributed  to  the  high  Tc  phase  (cq  = 
37 A)  are  found  and  existence  of  the  high  Tc  phase  is  proved. 
Electron  probe  x-ray  microanalysis  was  also  performed  and  the 
results  will  be  discussed. 
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CRYSTAL  GROWTH  AND  SUPERCONDUCTIVITY  OF  Bii.7Pb«jSr2CaCu20s« 
Lu  Zhang,  J.Z.  Liu,  MD.  Lon,  P.  Klavins  and  RU.  Shelton 
University  of  California,  Davis,  CA  95616 


Single  crystals  of  Bij jPh^)  3Sr2CaCu20g  were  grown  by  a 
self  flux  and  local  cooling  method.  The  mixture  viu..  placed  in  a 
Pt  crucible  and  heated  in  a  vertical  furnace  with  a  stainless  steel 
rod  contacted  at  the  bottom  serving  as  a  local  cooling  center. 
The  crystals  have  a/b  dimensions  as  large  as  S  mm  -  10  mm. 
The  sample  quality  was  examined  by  x-ray  diffraction  and 
scanning  electron  microscopy.  Magnetic  measurements  were 
performed  on  a  SQUID  magnetometer.  The  magnetic  meatnire- 
ments  indicate  superconducting  transition  temperatures  of  92- 
96  K  with  transition  widths  of  2-4  K.  Measurements  of  long 
time  magnetic  relaxations  were  made  over  a  wide  range  of 


temperatures  and  magnetic  fields.  The  relaxation  rates  exhibit 
strong  temperature  and  field  dependence.  This  behavior 
reflects  that  giant  flux  creep  is  induced  by  thermally  activated 
flux  motion  in  the  Bii,7Pbo,3Sr2CaCu20i;  system.  The  experi¬ 
mental  data  will  be  compared  vvith  both  a  logarithmic  time 
decay  in  a  conventional  theory  and  a  power-law  time  depen¬ 
dence  in  a  self-organized  critical  state  model. 


♦Supported  by  U.S.  DOE  under  contract  No. 
W-V-7405-ENG-48  and  by  the  National  Science  Foundation 
under  grand  number  DMR-90-21029. 


GROWTH  OF  LARGE  SIZE  SINGLE  CRYSTALS  AND  WHISKERS  OF 
Bl2Sr2CaCu20g  BY  STEP  COOLING  METHOD 
R.  Jayavel,  C.  Sekar,  P.  Murugakoothan,  CJR.  Venkaleswara  Rao, 

C.  Subramanian  and  P.  Ramasamy 
Crystal  Growth  Centre,  Aima  University,  Madras  600  025,  India 


The  unique  properties  of  superconducting  Bi-Sr-Ca-Cu-O 
system  have  given  rise  to  many  attempts  in  growing  bulk  crys¬ 
tals  of  this  material.  However  the  difficulties,  mainly  due  to  the 
large  anisotropic  nature  and  intergrowth  phenomena,  have  not 
yet  been  overcome.  In  this  study  a  step  cooling  process  has 
been  adopted  to  grow  Bi2Sr2CaCu208  single  crystals  in  order 
to  suppress  the  initial  multi  nucleation  and  enhance  the  growth 
along  one  direction  with  further  cooling.  The  charge  with 
excess  CuO  flux  of  appropriate  molar  ratio  was  melted  up  to 
980*C  and  equilibrated  at  that  temperature  for  12  hours.  Subse¬ 
quently,  a  six-step  cooling  commenced  at  a  rate  of  2'C/hr 
followed  by  a  intermediate  soaking  of  about  2  hours  for  every 
25’C  interval  up  to  855*C  and  rapidly  cooled  to  room  tempera¬ 
ture.  Single  crystals  of  large  surface  area  (10  x  3  x  0.1  mm^) 


with  terrace-like  morphology  (Fig.  1)  and  whiskers  of  length 
5-8  mm  (Fig.  2)  on  the  surface  of  the  solidified  matrix  were 
obtained. 

The  grown  crystals  were  subjected  to  Laue  and  powder 
X-ray  diffi-acdon  studies  and  found  to  be  tetragonal  in  struc¬ 
ture.  Superconducdvity  studies  were  made  by  using  a  AC  sus- 
ceptometer.  The  large  crustal  shows  a  sharp  superconducting 
transidon  at  82K.  The  whiskers  which  were  formed  due  to  the 
diffusion  like  transformadon  of  one  composidon  to  another 
during  the  growth  are  not  sujterconducdve.  The  anisotropic 
complex  suscepdbility,  its  field  and  frequency  dependence  and 
the  higher  harmonics  of  suscepdbility  (Non-linear  behaviour) 
ate  discussed. 


Figure  1 


Figure  2 
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TOWARDS  UNDERSTANDING  THE  GROWTH  MECHANISM  OFIH-V 
SEMICONDUCTORS  IN  A  ATOMIC  SCALE 
T.  Nishinaga  and  T.  Suzuki 
Dqxutment  of  Electronic  Engineering 
The  Faculty  of  Engineering 
The  University  of  Tokyo 


Present  day  electronic  device  technology  requires  the 
atomic  scale  control  of  crystal  growth.  To  approach  this  goal 
one  should  understand  the  epitaxial  growth  of  semiconductors 
in  atomic  scale. 

The  epitaxial  growth  of  semiconductor  can  be  classified 
into  two  large  categories.  One  is  solution  growth  such  as  liquid 
phase  epitaxy  (LPE)  and  the  other  is  vtqrar  growth  such  as 
molecular  beam  epitaxy  (MBE),  metal  organic  chemical  viq»r 
deposition  (MOCVD)  and  viqxtr  growth  with  hydrides  and/or 
halides  sources  (HVG).  In  the  present  talk,  the  epitaxial  growth 
mechanism  of  m-V  compound  semiconductor  so  far  under¬ 
stood  is  reviewed.  To  give  the  whole  view  of  the  understanding 
of  the  growth,  the  mechanisms  for  both  of  solution  and  \apoi 


growth  are  discussed,  where  LPE  and  MBE  are  taken  respec¬ 
tively  as  tiieir  representatives.  The  transport  of  the  growth  spe¬ 
cies  from  die  sources  to  the  growiii  point  such  as  Idnk  of  the 
growth  step  is  divided  in  several  stages.  The  first  one  is  the 
diffusion  through  the  bulk  idiase  to  the  growth  surface  and  die 
second  is  the  surface  diffusion  to  the  step.  It  is  shown  that  the 
bulk  diffusion  directly  to  the  growth  step  is  playing  a  major 
role  in  LPE  while  in  MBE  the  surface  diffusion  is  the  rate 
limiting  process  to  determine  the  growdi  rate. 

The  topics  such  as  an  interface  supersaturation  and  the  for¬ 
mation  of  macrostq)  in  the  solution  growdi.  nucleation,  surface 
difiusion  and  the  degree  of  equilibrium  at  the  step  edge  in 
MBE  wUl  be  discussed  in  detaiL 
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THE  EFFECT  OF  GRAVITATIONAL  MODULATION  ON  THERMOSOLUTAL 
CONVECTION  DURING  CRYSTAL  GROWTH 
SK.  Coriell,  B.T  Murray,  B.V.  Saunders,  GJB.  McFadden  and  A  A.  Wheeler 
National  Institute  of  Standards  and  Technobgy 
Gaithersburg,  MD  20899  USA 


During  vertical  directional  solidification  of  a  binaiy  alloy  at 
constant  velocity,  buoyancy-driven  thermosolutal  convection 
may  occur  due  to  the  temperature  and  solute  gradients  associ¬ 
ated  with  the  crystal  growth  process.  The  effect  of  time-peri¬ 
odic  modulation  (vibration)  is  studied  by  considering  a 
gravitational  acceleration  of  the  form  g(t)  =  go  +  gi  cos(Dt). 
The  conditions  for  the  onset  of  instabili^  are  obtained  numoi- 
cally,  employing  two  distinct  computational  procedures  based 
on  Floquet  theory.  Numerical  calculations  have  been  carried 
out  for  a  variety  of  metallic  and  semiconductor  systems.  In 
general,  a  stable  state  can  be  destabilized  by  modulation  and  an 
unstable  state  can  be  stabilized.  The  flow,  temperature  and 


solute  fields  show  both  synchronous  and  suUuumonic  tempo¬ 
ral  response  to  the  driving  sinusoidal  modulation. 

In  the  limit  of  high  frequency  nuxluladon,  the  method  of 
averaging  and  a  multiple-scale  asyrrqptotic  atudysis  allow 
examination  of  the  dependence  of  die  stability  criterion  on  the 
processing  and  materials  parameters.  In  addidon,  in  order  to 
understand  possible  resonance  phenomena,  we  investigate  die 
effect  of  gravity  modulation  on  double-diffusive  convection  in 
an  infinite  horizontal  fluid  layer.  In  die  regime  where  oscilla¬ 
tory  onset  occurs  in  the  unmod''jlated  problem,  regions  of  reso¬ 
nant  instability  occur  and  exhibit  strong  coupling  with  die 
unmodulated  oscillatory  frequency. 


CONTROL  OFMARANGONI  CONVECTION  FOR  FZ  CRYSTAL  GROWTH 

Torbjdm  Carlberg 
University  of  Sundsvall.  Box  860 
8S124  Sundsvall,  Sweden 
MirtenLevenstam 

Dept,  of  Hydrodynamics,  Royal  Inst,  of  Technology 
10044  Stockholm,  Sweden 


During  FZ  crystal  growth  the  surface  tension  forces  usually 
reach  such  a  level  that  the  so  called  Marangoni  convection 
dominates  the  flow  (possibly  with  the  exception  of  cases  with 
RF  heating).  The  surface  tension  driven  flow  span  from  lami¬ 
nar  over  oscillatory  to  turbulent,  but  the  parameters  controlling 
the  transitions  and  the  nature  of  the  flow  are  not  yet  fully 
known.  The  objectives  with  the  present  study  are  to  increase 
the  knowledge  of  parameters  influencing  the  Marangoni  con¬ 
vection  through  close  interaction  between  experiments  and 
numerical  modelling.  As  it  is  likely  that  the  axial  distribution  of 
the  heat  flux,  being  absorbed  at  the  surface  of  the  liquid  zone, 
is  important  for  the  type  and  magnitude  of  the  convection,  a 
furnace  has  been  developed  in  which  the  heat  flux  profile  can 
be  manipulated.  The  heating  system  consists  of  six  halogen 
lamps  with  ellipsoidal  reflectors  mounted  in  a  circle.  The  lamps 


can  be  tilted  and  the  focal  plane  thus  spread  out.  Fm  example,  a 
double  foci  arrangement  can  be  obtained,  and  this  is  the  config¬ 
uration,  which  has  been  studied  until  now.  To  obtain  the  neces¬ 
sary  coupling  between  the  experiments  and  the  numerical 
modelling  thermovision  has  been  used  to  mqi  the  surface  tem¬ 
perature  of  the  zone.  A  technique  to  monitor  the  heat  flux  has 
also  been  tested.  Results  from  the  thermal  mqiping,  and  from 
the  first  crystals  (Si,  8  mm  diameter)  grown  by  tiie  double  foci 
arrangement  will  be  presented. 

Results  from  numerical  simulations,  showing  the  different 
flow  fields  obtained  by  implementation  of  single  and  double 
foci  heat  flux  profiles,  wiU  also  be  presmited.  These  results 
clearly  shows  that  manipulation  of  the  heat  flux  is  a  powerful 
tool  to  influence  the  Marangoni  convection. 
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CONVECTIVE  INSTABILITIES  DURING  DIRECTIONAL  SOLIDIFICATION 
OF  PSEUDO-BINARY  SYSTEMS 
J.C.  Han  and  S.  Motakef 

Massachusetts  Institute  of  Technology,  Cambridge,  MA02139 


This  study  is  focused  on  the  numerical  simulation  of  buoy¬ 
ancy-induced  convection  during  direcdoiud  solidification  of 
pseudo-binary  systems  where  the  more  dense  melt  component 
is  rejected  into  the  melt  at  the  growth  front,  e.g.,  HgCdTe, 
GalnSb.  Time-accurate  numerical  simulation  of  transport  in 
these  systems  have  revealed,  for  the  first  time,  an  unstable  flow 
field  in  the  melt  driven  the  interaction  of  thermal  and  solutal 
buoyancy  forces.  Numerical  results  suggest  that,  under  certain 
conditions,  flow  in  the  melt  may  become  turbulent  These 


results  are  surprising  in  that  establishment  of  an  axially  stabi¬ 
lizing  solutal  gradient  in  the  melt  generally  suggests  reduced 
convection;  the  mechanisms  leading  to  the  Qow  instabilities 
will  be  discussed.  Experimental  results  on  growth  of  HgMnTe, 
as  well  as  other  II- VI  systems,  indicate  axial  and  radial  compo¬ 
sitional  variations  which  can  be  only  explained  by  the  present 
model.  Furthermore,  magnetic  damping  of  convection  in  HgM¬ 
nTe  crystals  is  experimentally  found  to  eliminate  radial  compo¬ 
sitional  ondulations  associated  with  the  unsteady  flow  field. 


FLOW  MODE  TRANSITIONS  DURING  CRYSTAL  GROWTH  IN  A  CENTRIFUGE 
William  A.  Arnold,  William  R.  Wilcox  and  Frederick  Carlson 
Clarkson  University,  Potsdam,  New  York,  13699  USA 
lAyaL.Regel 

International  Center  for  Gravity  Science  and  Applications 
Potsdam,  New  York,  13699  USA 
ArnonChait 

NASA  Lewis  Research  Center,  Cleveland,  Ohio  44135  USA 


Dopant  distribution  in  semiconductor  crystals  grown  the 
Bridgman  technique  is  highly  dependant  upon  the  buoyancy 
driven  convective  flows.  When  the  crystals  are  grown  in  a 
centrifuge,  the  resulting  flow  modes  can  be  determined  by  the 
value  of  a  new  nondimensioruil  number.  Ad. 

A  fully  nonlinear  three-dimensional  numerical  model  for 
the  parametric  examination  of  the  new  nondimensional  num¬ 
ber,  Ad,  is  presented.  In  a  centrifuge  the  net  acceleration  field  is 
not  homogeneous  due  to  the  centrifugal  acceleration  being 
dependant  on  radial  position.  The  Ad  number  is  the  ratio  of 
buoyancy  driven  flow  due  to  the  inhomogeneous  part  of  the 
acceleration  field,  to  the  buoyancy  driven  flow  driven  by  the 
average  acceleration  field.  The  importance  of  the  inhomoge¬ 
neous  part  of  the  acceleration  field  (here  called  the  gradient 


acceleration)  is  determined  by  the  value  of  the  Ad  number. 
Results  are  presented  based  on  both  steady-state  and  fully  tran¬ 
sient  models.  Flows  result  from  thermally  induced  density  gra¬ 
dients.  fri  the  model  the  axial  and  radial  temperature  gradients 
are  controlled,  as  is  fluid  geometry.  It  is  shown  that  a  flow 
mode  transition  at  Ad  =  0[1]  occurs  and  that  the  value  of  the 
Ad  number  is  nearly  constant  over  a  wide  range  of  Gra^of 
numbers,  hence  applies  to  centrifuges  in  space  as  well  as  ter¬ 
restrial  centrifugation.  It  is  also  shown  tiiat  the  transition  at 
Ad  =  0[1]  is  not  a  function  of  radial  and  axial  temperature 
gradients,  nor  the  length  or  radius  of  the  fluid.  Hence,  the  Ad 
number  is  truly  an  indicator  of  flow  mode  regime  in  the  melt 
during  crystal  growth  in  a  centrifuge. 
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DIRECTIONAL  SOLIDIFICATION  WITH  ACRT 
J.  Zhou,  M.  Larrousse  and  WJl.  Wilcox 
Center  for  Crystal  Growth  in  Space 
Clarkson  University,  Potsdam,  NY  13699,  USA 


Two  sets  of  experiments  were  performed  on  transport  pro¬ 
cesses  in  the  Bridgman  configuration  with  spin-up/spin-down 
(ACRT)  applied.  In  one  set  of  experiments  mass  transfer  rates 
were  directly  measured  during  ACRT  using  electrochemical 
limiting  current  density  measurements  at  two  different  radial 
positions  [1,2].  The  mass  transfer  rate  varied  significantly  dur¬ 
ing  each  spin-up/spin-down  cycle.  The  dependence  on  rotation 
rate  and  periodicity  was  determined,  so  that  conditions  can 
now  be  specified  that  minimize  fluctuations  in  transport  rate. 

In  the  second  set  of  experiments,  doped  InSb  was  direction- 
aUy  solidified  with  ACRT  [3].  Etching  revealed  rotational  stria- 
tions  formed  during  the  time  the  ampoule  was  being  rotated. 
Current  interface  demarcation  revealed  that  the  freezing  rate 
varied  significantly  during  each  ACRT  cycle. 


Compositional  or  doping  striations  may  not  always  be 
observed  in  crystals  growth  with  ACRT  because  the  solid  state 
diffusion  may  be  sufficient  for  them  to  disqrpear  before  the 
crystals  cool  to  room  temperature  [4]. 

This  research  was  supported  by  grants  from  NASA’s 
Microgravity  Science  and  Applications  Division. 
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CONVECTION  AND  SEGREGATION  DURING  GROWTH  OF  Ge  AND  InSb 
CRYSTALS  BY  THE  SUBMERGED  HEATER  METHOD* 

A.G.  Ostrogorsky 

Columbia  University.  New  Yoric,  N.Y.  10027,  USA 
HJ.  Sell,  S.  Schorl  and  G.  Muller 
UnivasiUU  Erlangen-Niimberg,  Germany 


In  most  methods  for  bulk  crystal  growth  from  the  melt  (e.g. 
Czochrabld,  Bridgman,  Zone  Melting),  solidification  occurs 
inside  tube-type  furnaces.  Because  of  the  heat  exchange  across 
the  crucible  sidewalls,  radial  temperature  gradier.:s  must  exist 
in  the  melt.  In  the  presence  of  gravity,  radial  temperature  gradi¬ 
ents  always  generate  buoyant  forces  which  result  in  hydrostatic 
instabili^  and  convection. 

The  Submerged  Heater  Method  (SHM)  utilizes  an  axial 
disc-shared  heater  submerged  in  the  melt  Therefore,  it  reduces 
the  radial  temperature  gradients  in  the  melt  and  at  the  same 
time  acts  as  a  convection  baffle.  The  Rayleigh  number  of  the 
melt  (i.e.,  the  ratio  between  buoyancy  and  viscous  forces)  is 
reduced  a  factor  of  -lO^,  compared  to  the  Vertical  Bridg¬ 
man  configuration  without  the  submerged  heater,  a  reduction 
which  is  compatible  to  that  of  decreasing  the  gravitatioruil 
acceleration  to  10*^  of  the  earth  gravity. 

Melt  convection  and  segregation  was  studied  numerically 
and  experimentally.  We  found  that,  in  some  melt-dopant  sys¬ 
tems,  SHM  reduces  the  buoyarKy  driven  convection  to  the 
level  which  allows  diffusion-controlled  solidification.  For 
example,  we  achieved  the  ideal  diffusion-controlled  steady- 
state  segregation  of  Te-doped  InSb  (see  fig.).  The  steady-state 
segregation  was  achieved  >0.5  cm  from  the  seed. 

In  Oa-doped  Ge  crystals,  diffusion-controlled  segregation 
was  not  achieved.  However,  the  effective  segregation  coeffi¬ 


cient  varied  between  Ic^  =  03  and  0.5,  dqrending  on  the 
growth  rate.  However,  in  contrast  to  the  space-grown  crystals, 
we  obtained  homogeneous  radial  segregation.  Although  highly 
doped,  the  crystals  were  virtually  striation  free. 


Tc-doped  InSb;  R  =  3.1  |im/s  (1.1  cm/hr) 


*Pattially  supported  by  the  Alexander  von  Humboldt 
Foundation. 


101 


HEAT  TRANSFER  ANALYSIS  AND  STRUCTURE  PERFECTION 
OF  SHAPED  SEMI-TRANSPARENT  CRYSTALS 
Irina  Nicoara,  Dumitru  Nicoera  and  Daniel  Vaman 
Univosi^  of  Timiso  va.  Dq;>L  of  Physics 
1900'nini8oara,  Romania 


The  influence  of  heat  transfer  in  Edge-defined  Film-fed 
Growth  on  melt-solid  interface,  dopand  segregation,  crystal 
perfection  and  operating  limits  by  &ute  -  element  analysis  is 
extensively  investigated  especially  for  non-transparent  crys¬ 
tals,  such  as  silicon,  GaAs,  etc.[1.2].  In  the  case  of  the  EFG 
process,  the  heat  transfer  through  the  die,  melt  and  crystal  and 
to  sunoundings  determines  the  meniscus  shape  and  links  oper¬ 
ating  parameters  e.g.  growth  rates  and  furnace  power;  to  the 
size  and  perfection  of  the  crystal  and  to  the  stability  of  the 
growth  {Hocess.  fit  this  paper  the  radiative  and  conductive  heat 
transfer  in  semi-transparent  shiqred  crystals  such  as  sapphire 
and  fluorite  is  studied.  These  crystals  have  been  grown  under 
different  conditions[2,3,4]  at  various  pulling  speeds  and  tem¬ 
perature  gradients  in  the  growth  zone.  Structural  defects  have 
been  studied  especially  the  dislocation  distribution,  by  selec¬ 
tive  etching  method  and  optical  microscopy;  surface  morphol¬ 
ogy  and  void  distribution  are  also  described.  A  model  of  heat 
transfer  analysis  in  order  to  investigate  the  shaped  semi-trans¬ 


parent  crystals  growth  process  is  developed.  Hie  temperatm 
fields  in  the  melt  and  crystal  are  calnilated  by  finite  -  element 
aiudysis;  the  drerrrud  stress  distribution  in  crystals  is  also  stud¬ 
ied.  The  radiative  heat  transfer  in  semi-transpareru  shaped  crys¬ 
tals  has  certain  peculiarities  associated  widi  die  small  diameter 
of  the  crystals,  the  larger  growth  rates  and  the  small  height  of 
die  melt  layer  between  the  crystal  and  die  die.  From  obtained 
results  we  can  predict  the  possibility  of  radiative  supercooling 
in  the  melt  leading  to  morphological  instability  of  die  crystalli¬ 
zation  front. 


1.  Ettouney,  HM.,  Kalejs,  J.P.:  J.  Crystal  Growth  1987, 82  17. 

2.  Nicoara,  D.,  Nicoara,  I.:  J.  Crystal  Growth  1987, 82  93. 

3.  Nkoara,  I.,  Nicoara,  D.,  Sofonea,  V.:  J.  Crystal  Growth 
1990, 104 169. 

4.  Nicoara,  I.,  Nicoara,  D.,  Vizman,  D.:  S-th  European 
Conference  on  Crystal  Growth,  Budqiest,  1991 . 
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GROWTH  OF  2"  Ge:Ga  CRYSTALS  BY  THE  DYNAMICAL  VGF  PROCESS  AND 
ITS  NUMERICAL  MODELLING  INCLUDING  TRANSIENT  SEGREGATION 
D.  Hofmam,  T.  Jung  and  G.  MUUer 
bistitut  fttr  Werkstoffwissenschaften  6,  Kristallabor 
UniveisitiU  Erlangen-NOrnberg,  Martensslr.  7 
D-8320  Erlangen,  FRG 


Recently  there  has  been  an  increasing  interest  in  the  growth 
of  compound  semiconductor  crystals  by  vertical  directional 
solidification  with  bottom  seeding,  generally  termed  as  Vertical 
Bridgman  technique  (VB).  This  growth  method  offers  in  prin¬ 
cipal  the  thermal  envirorunem  for  the  preparation  of  low  effect 
ni-V-  and  n-VI-compounds  provided  that  growth  conditions 
can  be  controlled  carefully.  A  promising  VB  variant  represents 
the  dynamical  Vertical  Gradient  Freeze  (DVGF)  technique 
using  multizone  furnace  technology  because  temperature  pro¬ 
files  can  be  tailored  during  the  whole  growth  process.  A  draw¬ 
back  of  the  DVGF  method  is  the  complexity  of  the  system  and 
the  process. 

In  spite  of  the  potential  of  DVGF  processing  there  exist 
only  a  few  theoretical  studies  about  the  influence  of  the  thermal 
field  on  the  shape  of  the  solid  liquid  interface  and  the  resulting 
dopant  segregation  in  the  crysttd  [1,2].  Quantitative  compari¬ 
sons  of  experimerus  and  munerical  simulations  have  only  been 
published  for  small  crystal  diameters  and  using  quasi-steady 
modelling  of  segregation  [3,4].  These  analysis  are  not  able  to 
predict  quantitatively  doping  distributions  or  optimal  control 
parameters  for  technically  interesting  2"  configurations 
because  of  the  transient  nature  of  the  DVGF  process. 

We  studied,  therefore,  a  more  realistic  munerical  model  of 
the  DVGF  growth  process  considering  its  transiem  character  as 
well  as  details  of  the  heat  transfer.  Our  primary  objective  is  to 
investigate  the  correlation  of  the  thermal  boundary  conditions 
at  the  furnace  level  with  the  shape  of  the  solid/liquid  interface 
and  the  dopant  segregation  in  2"  crystals  during  the  whole 
gradient  freeze  process.  These  calculations  ate  compared  to 
experimetual  results  obtained  DVGF  growth  of  Ga  doped 
Ge  crystals  (2"  diameter). 

The  growth  experiments  were  conducted  in  a  new  type  of 
multisegment  furnace  (23  zones)  which  was  espedally 


designed  to  establish  thermal  profiles  of  high  flexibility  for 
crystal  growth  of  lU-V-compounds  under  high  pressure  (e.g. 
InP).  The  results  of  3  typical  growth  processes  applying  linear 
and  non  linear  thermal  profiles  are  shown.  Crystals  were  char¬ 
acterized  by  revealing  the  interface  shapes  by  chemical  etching 
and  electrical  mapping  of  the  axial  and  radial  dopant  distri¬ 
bution. 

Depending  on  the  thermal  boundary  conditions  concave, 
flat  and  convex  interfaces  and  variations  of  tire  radial  dopant 
distribution  were  fourrd.  These  experimental  results  are  com¬ 
pared  to  numerical  calculations  which  were  performed  on  two 
different  levels.  The  heat  transfer  in  the  multizone  furnace  is 
evaluated  by  a  corrunercial  code  NEKTON  [S]  (relevant  heat 
transfer  coefficients  in  the  DVGF  qrparatus  were  determined 
experimerually).  The  results  give  the  boundary  conditions  for 
numerical  simulations  with  a  code  which  calculates  time 
dependently  the  convective  flow  in  the  melt  and  dopant  distri¬ 
bution  in  the  melt  artd  crystal  considering  the  decreasing  melt 
volume  during  a  DVGF  growLH  nm.  This  code  using  die  finite 
volume  medtod  was  developed  in  collaboration  with  the  Fluid 
Mechanics  Institute  at  the  Universi^  Erlangen-Ntimberg. 

This  comparison  of  experimental  and  numerical  results  and 
die  parameter  variations  provide  die  basis  for  our  further  work 
on  the  improvement  of  die  control  of  DVGF  processing. 


[1]  M.J.  Crochet,  F.  Dupret,  Y.  Ryckmans,  F.T.  Geyling,  E.M. 
Monberg:  J.  Crystal  Growth  97  (1989)  17j. 

[2]  D.H.  Kim,  RA.  Brown:  /.  Crystal  Growth  109  (1991)  66. 

[3]  P.M.  Adomato,  RA.  Brown:  J.  Crystal  Growth  80  (1987) 
155. 

[4]  CA.  Wang:  Doctoral  Thesis  MTT 1984. 

[5]  Nectonics  Inc.,  Cambridge  MA  (USA). 
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NUMERICAL  STUDY  OF  CZOCHRALSKI  SnJCON  FULL 
ntOCESS  THERMOKINEnCS 
A.  Wrw" 

MEMC  Electronic  Mateiiils,  39012  Merano,  Italy 


The  as-grown  inicrodefect  density  and  chemical 
inhomogeneity  of  a  Czochralski  silicon  single  crystal  are  basi¬ 
cally  conditioned  by  dynamics  of  heat  and  mass  flows  through 
the  coupled  nutrient  melt  and  growing  boule,  thermally  inter¬ 
acting  with  the  surrounding  puller  environmenL  Moreover,  a 
significant  role  on  bulk  defect  nucleadon  and  stabilization 
seems  to  be  played  by  the  post-growth  crystal  cooling  pathwqr 
too.  Mathematical  modelling  and  computer  simulation  of  CZ 
transport  phenomena  stand  as  effective  means  for  getting 
exhaustive  insight  into  melt  hydrodynamics  and  heat  transfer 
features,  feeding  research  for  linking  process  state  variables 
kinetics  with  silicon  microdefect  formation  mechanisms  [1]. 

This  pq>er  rqxnts  the  Finite  Element  Analysis  (FEA)  of  the 
global  process  thermal  history  for  a  typical  CZ  silicon  produc¬ 
tion  run,  where  a  125  nun  diameter  monocrystal  is  grown  from 
25  Kg  polysilicon  charge  and  then  slowly  cooled  down  to  the 
ambient  temperature  inside  the  fiimace.  Due  to  the  long  geo- 
meirica]  time  scale  of  the  pulling  stage  the  CZ  growth  thennal 
history  is  fitted  firom  a  suitable  set  of  thermal  field  sru^rshots  as 
the  crystal  lengthening  proceeds,  whose  time  coordinate  is 
given  by  integration  of  the  reciprocal  pull  rate  function  [1-3]. 
An  axisymmetric,  conduction  dominated,  quasi-steady  formu¬ 
lation  of  the  energy  balance  in  the  system  [4]  is  solved  for  each 


growth  stq>,  widi  temperature  dependent  material  properties 
and  detailed  boundary  conditions  accounting  for  gas  convec¬ 
tion,  view  factors  modulated  diffiise-gray  radiation  and  latent 
heat  delivery  at  the  firee-sh^red  silicon  phase  change  interface. 
The  physical  consistency  of  the  crystal  thermal  field  predic¬ 
tions  is  guaranteed  by  the  recursive  updating  of  heater  power 
level  so  that  the  solid/liquid/gas  tri-junction  temperature 
matches  the  silicon  melting  one.  The  FEA  result  for  the  tod  tail 
ending  configuration  provides  die  initial  conditions  of  die  final 
fully  transient  crystal  cool-down  simulation  driven  by  a  self- 
adapting  time  step  algorithm  for  an  accurate  but  not  redundant 
scanning  of  the  temperature  faU.  The  numerical  study  is  fol¬ 
lowed  by  the  discussion  of  the  infiuence  of  meh  hydrodynam¬ 
ics  and  gas  cooling  modelling  idealizations  on  relial^ty  of  die 
computed  crystal  thermal  field,  comparing  FEA  heater  power 
and  temperature  ouqnits  with  homologous  experimental  data. 


[1]  A.  Virzi  et  M.  Forrini,  E-MRS  Crnif.,  Strasbourg  (F),  June 
1992,  abs.  CVII/PIO. 

[2]  A.  Virzi,  J.  Crystal  Growth  97  (1989)  152. 

[3]  A.  Virzi,  EUROMAr’91  Conf.  Proc.,  Cambridge  (UK), 
July  1991, 166. 

[4]  A.  Virzi,  J.  Crystal  Growth  112  (1991)  699. 


MODELLING  OF  HEAT  AND  MASS  TRANSPORT  UNDER  LOW  FREQUENCY  VIBRATIONS 
OF  CRYSTAL  IN  DIRECTED  SOLIDIFICATION  TECHNIQUE 
GA.  Dolgikh*,  E.V.  Zharikov,  AX.  Myaldun,  NJt.  Storoshev,  N.K.  Tolochko  and  AJ.  Feonychev* 
General  Physics  Institute,  Acad,  of  Sci.,  Moscow,  USSR 
^Applied  Mechanics  and  Electrodynamics  Institute,  MAI,  Moscow,  USSR 


The  new  type  of  convection  exciting  from  low  frequency 
vibrations  of  small  amplitude  [1]  is  a  powerful  method  to  effect 
the  heat  and  mass  transport  processes  in  crystallizatioiL  In 
presented  report  the  melt  flows  and  heat  and  mass  transfer 
under  harmonic  oscillations  of  growing  crystal  is  investigated 
considering  the  deformation  of  liquid  free  surface,  and  without 
deformation  also. 

The  cases  of  interaction  of  vibrational,  gravitational  and 
thermocapillary  convections  and  also  the  case  of  absence  of 
thermogravitational  component  (i.e.  microgravitational  condi¬ 
tions)  are  examined.  Vibrations  of  crystal  in  last  case  leads  to 
the  deformation  of  contour  of  thermoca{»llary  liquid  irtotion 
and  the  dotrunation  of  vibrational  motion  near  the  crystal.  By 
means  of  numerical  simulation  was  shown  that  hydrodynamic 


flow  patterns  near  liquid-solid  interface  is  totally  determined 
by  the  action  of  secondary  flow  of  vibratiorud  ctmvection.  The 
flows  inversion  of  vibrational  convection  in  Chochralsky  con¬ 
figuration  with  submerge  d^th  variation  of  tiie  vibrating  body 
was  found. 

The  crystal  vibrations  leads  to  variation  of  macro-  and 
micro-  segregation  of  inqnirities  and  dopants  in  tiie  crystal 

The  numerical  modelling  results  are  in  a  good  agreement 
with  experimentally  observed  pictures  of  liquid  or  melt  flows 
under  crystal  vibrations. 


[1]  Zharikov  E.V.,  Prihod’ko  L.V.,  Storozhev  N.R.,  Proceeding 
ICCG-9,pp.  910-914. 
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DISORDERED  OXIDE  CRYSTAL  HOSTS  FOR  DIODE  PUMPED  LASERS 
Mari  H.  Randles  and  John  E.  Creamer 
Litton  Airtron  SYNOPTICS.  P.O.  Box  410168,  Charlotte.  NC  28241 
Roger  F.  Bell 

Litton  Airtion,  200  East  Hanover  Avenue,  Morris  Plains,  NJ  07950 
Gregory  J.  Quarles  and  Leon  Esterowitz 
Naval  Research  Laboratory,  Code  6SS1,  Washington,  EXT  2O37S-SO0O 


Diode  pumped  lasers  are  efficient,  compact  sources.  How¬ 
ever,  typical  rare  earth  ions  have  narrow  atKOipdon  linewidths 
in  highly  ordered  crystals  like  YAG  and  precise  control  of  the 
diode  wavelength  is  required  for  effective  pumping.  The 
808nm  absorption  line  of  Nd:YAG  has  a  width  of  only  Itun 
compared  to  a  typical  laser  diode  output  linewidth  of  3nm. 
Disordered  structures  provide  line  broadening  and  a  suitable 
disordered  host  will  improve  performance  and  reduce  cost  of 
the  diode  pumped  laser. 

We  grew  and  characterized  various  disordaed  host  crystals. 
We  selected  congruent  compositions  with  sites  suitable  for  rare 
earth  substitution.  Data  will  be  presented  for  STGdGa307 
(SGGM),  LasGasSiOn  (LGS),  LajGasGeOu  (LGG),  YjSiOj 
(YOS)  and  CaLa4(Si04)30  (CaLaSOAP).  To  compare  the 
hosts,  crystals  were  doped  with  2-4  at  %  Nd,  and  in  some  cases 


with  the  smaller  rare  earths.  We  discuss  crystal  growth  issues 
and  measurements  of  lattice  parameters  and  distribution  coeffi¬ 
cients. 

The  crystals  were  characterized  by  absorption  and  fluores¬ 
cence  spectroscopy.  Measurements  include  the  maximum 
absorption  coefficients  at  convenient  diode  pump  wavelengths, 
absorption  linewidths,  fluorescent  lifetimes,  and  stimulated 
emission  cross-sections.  Absorption,  excitation  and  emission 
spectra  will  be  shown.  Initial  results  look  promising.  For  exam¬ 
ple,  the  808nm  Nd  absorption  linewidth  in  SGGM  is  8nm  and 
the  excitation  spectrum  linewidth  is  30nm. 


Support  is  gratefully  acknowledged  from  the  Office  of  Naval 
Research  and  DARPA. 
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GROWTH  AND  CHARACTERIZATION  OF  CALCIUM  NIOBIUM  GALLIUM  GARNET 
[CNGG]  SINGLE  CRYSTALS  FOR  LASER  APPUCATIONS 
K.  Shimamura.  hi.  Timoshechkin**,  T.  Sasaki* ,  K.  Hoshikm/a  and  T.  Fukuda 
Institute  for  Materials  Research,  Tohoku  Univenity,  Sendai,  980,  Japan 
^Faculty  of  Engineering,  Osaka  Univenity,  Jqran 


We  have  successfully  grown  Nd  doped  calcium  niobium 
gallium  garnet  (NthCNGG  siitgle  crystal  and  firstly  demon¬ 
strated  laser  diode  (LD)  pumped  Nd'CNGG  laser  oscillatiorL 
Single  crystals  of  various  active  ions  doped  CNGG  were  found 
to  exhibit  very  interesting  spectroscopic  properties  as  new,  LD 
pumped  laser  and  tunable  laser  in  the  l-3|im  ranges.  In  this 
paper,  we  report  Czochralski  growth  and  characterization  of 
CNGG  single  crystals.  Growth  conditions,  properties  and  crys¬ 
tal  quality  of  CNGG  for  laser  applications  are  discussed. 

Single  crystals  were  grown  by  the  Czochralski  technique. 
Ca3Nbi.6g75Ga3  jg750i2  was  found  to  be  the  congruendy  melt¬ 
ing  composition  with  a  melting  point  around  1470*C.  By  using 
Pt  or  It  crucibles,  CNGG  single  crystals  (22mm(|i  x  7(hnm/ 
were  grown  along  <11 1>  direction  under  air  or  N2+l%02 
atmosphere  at  the  rate  of  4mm/hr  without  after  heater.  Nd^, 


Figure  1.  Nd:CNGG  single  crystal. 


Tm*^,  Er^,  Ho^  and  Cr^  were  selected  as  dopants.  A  typical 
Nd:CNGG  as-grown  crystal  is  shown  in  Fig.  1.  The  crystal 
shows  smooth  surface  with  a  facet  of  dnee-fold  symmetry. 
Lattice  constants  along  the  growth  axis  were  almost  constant 
(I2.SIA).  Transparent  bubble  free  Tm:CNGG 
Crm203:2.7wt%)  crystals  were  grown  at  the  rate  of  3mmyh, 
whereas  for  growth  of  high  quality  NdtCNGG 
(Td2P3:2.5wt%)  crystals  to  reduce  pull  rate  down  to  l.lmmyh 
was  required.  The  absorpdon  spectra  of  NdiCNGG  and 
TtiuCNGG  showed  nonuniform  Isoadering  absorption  line 
compared  with  those  of  Nd:YAG  and  IhuYAG  (see  Fig.  2), 
diat  is  supposed  to  be  based  on  disordered  structure  and  is  very 
profit  for  plural  LDS  pumped  laser. 


**Pennanent  address:  General  Physics  Institute,  Moscow 
B-333,  USSR 


Figure  2.  Absorption  spectra  of  Tm.-CNGC  compared  with  that  of 
TikYAG. 
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Si  AND  Mg  DOPED  GGG  SINGLE  CRYSTALS 
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There  is  a  wide  range  of  application  for  GGG  (Gd3Ga50i2) 
single  crystals  as  laser  host  materials  and  substrates  for  mag¬ 
netic  bubble  devices.  Due  to  impurities,  especially  Si,  in  the 
starting  oxides  color  centers  are  formed  in  the  GGG  crystal. 

Several  GGG  single  crystals  with  different  doping  levels  of 
Si,  Mg  and  Si-i-Mg  were  grown  by  the  floating-zone  method. 
The  actual  doping  level  was  checked  by  chemical  and  spectro- 
scopical  analysis.  The  color  centers  were  activated  by  anneal¬ 


ing  at  1673  K  in  argon,  hydrogoi  or  oxygen  atmospheres 
respectively  followed  by  a  Xe-lamp  irradiation.  The  transmis¬ 
sion  spectra  of  the  crystals  were  measured. 

The  absorption  bands  corresponding  to  the  activated  color 
center  can  be  correlated  with  the  respective  dopant  and  the  type 
of  activation  (Table  1).  In  case  of  Si-i-Mg-doping  the  Si-color 
center  formation  is  eliminated. 


ruble  I .  Color  centers  and  the  corresponding  activation. 


Si-doped  GGG 

Mg-doped  GGG 

Armealing  in  H2 

Absorption  band  at  320  run  after  additional 
irridiation 

Decrease  of  absorption  at  240-310  run.  Increase 
of  absorption  at  240-310  nm  due  to  additional 
irradiation. 

Annealing  in  O2 

Decrease  of  absorption  at  240-310  run. 

Absorption  at  240-310  run  increases. 

Armealing  in  Ar 

Absorption  band  at  420  run. 

No  influence  on  the  absorption. 

THE  BEHAVIOR  OF  CHROMIUM  IONS  IN  FORSTERTTE 


Yasuhide  Yamaguchi*,  Kiyoshi  Yamagishi  and  YukioNobe 
MITSUI  Mining  &  Smelting  Co.,  Ltd.  (J^an) 


The  chromium  ion  doped  forsterite(Cr:Mg2Si04)  is  the 
only  1.2m  laser  crystal  knowtL  It  is  assumed  that  the  activator 
is  tetravalent  chromium  ions  which  are  substituted  at  the  tetra¬ 
hedral  silicon  sites.  We  have  grown  forsterite  crystals  with 
various  chromium  concentrations  and  under  different  growth 
atmospheres.  The  crystab  were  grown  by  the  Czochralski  tech¬ 
nique  or,  when  the  growth  atmosphere  was  oxygen,  the  floating 
zone  technique  was  used.  Post  growth  armealing  under  both 
oxidizing  and  reducing  conditions  was  also  done. 

The  absorption  spectra  of  the  crystals  were  different, 
depending  on  the  oxygen  partial  pressure  during  growth.  The 
absorption  is  caused  by  tetravalent,  trivalent  and  divalent  chro¬ 
mium  ions,  and  the  absorption  strength  is  related  to  the  quan¬ 
tity  and  stability  of  each  valency  of  chromium.  In  heavily 
doped  forsterites,  divalent  chromium  tqrpeared  even  with 
growth  under  oxidizing  atmosphere. 

We  armealed  the  crystals  under  different  oxygen  partial 
pressures  at  1750‘C  for  10  hours.  When  crystals  grown  in 
oxidizing  atmosphere  were  armealed  under  low  oxygen  partial 
pressure,  tetrahedral  chromium  absorption  became  weak  and 
divalent  chronuum  absorption  appeared.  When  we  re-armealed 
these  crystals  under  oxygen  atmosi^ere,  the  absorption 


reverted  to  that  observed  in  the  as  grown  crystals.  On  the  other 
hand,  when  crystals  that  were  grown  under  low  oxygen  partial 
ptressure  were  annealed  in  high  partial  pressure  oxygen,  a  very 
small  change  in  the  absorption  was  observed. 

We  conclude  that  chromium  ions  in  forsterite  can  move 
from  tetragonal  to  octahedral  sites.  There  are  many  cation 
vacancies  at  the  magnesium  sites  because  of  the  required 
charge  compensation  for  the  always  present  trivalent  chro¬ 
mium.  Reduced  tetragonal  chromium  ions  move  to  the  magne¬ 
sium  site  vacancies  and  back  to  the  tetragonal  sites  when 
re-armealed  in  oxidizing  atmosphere.  In  the  crystal  grown 
under  low  oxygen  partial  pressure,  there  are  also  many  magne¬ 
sium  vacancies  because  of  trivalent  chromium  ions.  But  there 
are  no  silicon  vacancies,  and  tetravalent  chromium  ions  can 
therefore  not  move  to  tetrahedral  sites.  This  explains  the  diffi¬ 
culty  in  obtaining  tetravalent  chromium  by  armealing  in  an 
oxidizing  atmosphere. 


*  Visiting  Scientist,  Laboratory  for  Advanced  Solid  State  Laser 
Materials,  Center  for  Materials  Science  and  Engineering, 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139. 
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CZOCHRALSKI  GROWTH  OF  RARE  EARTH  OXYORTHOSIUCATE 
SINGLE  CRYSTALS 

CL.  Melcher,  RA.  Manente.  CA.  Peterson  and  JS.  Schweit2er 
Schlumberger-DoU  Research,  Ridgefield,  CT  06877-4108,  USA 


The  rare  earth  oxyorthosilicates  (Ln2(Si04)0,  where  Ln  = 
Sc,  Y,  La...Lu)  have  been  studied  previously  both  in  powder 
form  and  as  single  ciystals^’^.  They  melt  congruently  at  ~1870 
-  2070*C  and  crystalize  in  either  monoclinic  C  or  monoclinic  P 
structures,  depending  on  the  size  of  the  rare  earth  ion.^  The  Gd 
and  Y  compounds  have  been  studied  for  possible  applications 
as  lasers,  CRT  faceplates,  and  scintillators.''**  * 

We  used  the  Czochralski  technique  to  grow  single  crystals 
of  Ln2(Si04)0  where  Ln  =  Y,  Gd,  or  Lu  from  Ir  crucibles  in  an 
atmosphere  of  either  pure  N2  or  N2  +  0.3%  O2.  Topically  the 
boules  were  2  cm  diameter  and  S-6  cm  long.  In  addition  to  pure 
ciystals,  several  crystals  of  each  type  were  grown  with  Ce 
doping  at  0.25  -  O.S  atomic  to  produce  scintillators.  The  distri¬ 
bution  coefficient  of  Ce  varied  from  ~0.2  in  Y2(Si04X)  and 
Lu2(Si04X)  to  -0.6  in  Gd2(Si04)0.  The  scintillation  emission 
arises  from  a  5d  to  4f  transition  in  the  trivalent  Ce  ions.  The 
wavelength  and,  to  a  lesser  degree,  the  decay  time  of  the  emis¬ 
sion  are  influenced  by  the  crystal  field  at  the  Ce  site  due  to  the 
host  lattice.  Typically,  the  emission  wavelength  is  -400  -  450 
nm  and  the  decay  time  is  -50  ns.  Ce-doped  boules  of 
Y2(Si04)0  and  Gd2(Si04)0  were  slightly  yellow  in  color 
while  Ce-doped  Lu2(Si04)0  boules  were  colorless. 

We  found  that  the  optimum  growth  conditions  varied  sig¬ 
nificantly  among  the  three  materials.  The  extent  of  defect  and 
void  formation  in  Gd2(Si04)0  was  more  strongly  affected  by 
rotation  rate,  pulling  rate,  and  thermal  gradieru  compared  to 


Y2(Si04X)  and  Lu2(Si04X).  In  addition,  the  use  of  seed  oys- 
tals  as  opposed  to  Ir  wire  was  more  inqxrrtant  for  Gd2(Si04)0 
due  to  its  relatively  poor  mechaiucal  strengtii. 


1.  G.V.  Anan’eva,  AAf.  Korovkin,  T.L  Merkulyaeva,  A.M. 
Morozova,  M.  V.  Petrov,  I.R.  Savinova,  VJl.  Startsev,  and 
P.P.  Feofilov,  Growth  of  lanthanide  oxyorthosilicate  single 
crystals  and  their  structural  and  optical  characteristics, 
Izvestiya  Akademii  Nauk  SSSR,  Neorgatucheslde  Materialy, 
17(6),  1037-1042  (1981). 

2.  PX  Bom,  D.S.  Robertson,  and  PC.  Smith,  J.  Mat.  Sci.  Lett. 
4, 497-501  (1985). 
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Czochralski  growth  of  rare-eartii  orthosilicates  (Ln2Si05), 
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PHYSICAL  PROPERTIES  OF  A  YsAljOu 
VJ.  FrateUo  and  CD.  Brandle 
AT&T  Bell  Laboratories,  Murray  Hill,  NJ 


Data  on  density,  surface  tension  and  contact  angle  (with  an 
Ir  wire)  were  taken  in  a  Y3AI5O12  melt  from  1970’C  (just 
above  the  melting  point)  to  2070’C.  Density,  as  determined  by 
the  Archimedean  two  bob  technique,  was  3.688  g/cm*  at  the 
melting  point,  with  a  volume  coefficient  of  thermal  expansion 
of  only  1.8±0Jxl0'*.  The  maximum  bubble  pressure  method 
found  the  surface  tension  to  he  high,  781  dyne/cm  at  1970*C, 


but  also  with  a  veiy  low  temperature  dependence.  Data  from 
these  two  measurements  allowed  determination  of  the  contact 
angle  of  the  melt  with  the  iridium  suspension  wire  to  be 
approximately  113*.  These  data  would  account  for  a  lack  of 
convective  and  surface  tension  driven  fluid  flow  that  makes 
yttrium  aluminum  garnet  melts  appear  quiescent 
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METASTABLE  CRYSTALUZATION  OFNdjGajOu  AND  GdjGasOu  GARNET  MELTS 
SA.  Markgr<^,  M.Gdbbels**  and  S.  Kimura 
National  Institute  for  Research  in  Inorganic  Materials 
Namiki  1-1,  Tsukuba,  Ibaraki  305  Japan 


The  metastable  crystallization  of  garnet  melts  has  been  the 
subject  of  numerous  investigations.  These  investigations  have 
centered  on  the  departure  from  the  equilibrium  phase  diagram 
during  crystallization  from  a  stoichiometric  garnet  melt  It  was 
observed  that  either  pure  garnet  phase,  or  a  mixture  of  perovsk- 
ite  -I-  oxide  (metastable  condition),  can  be  obtained  depending 
on  the  degree  of  superheating.  This  difference  in  crystallization 
behavior  was  often  coupled  with  large  undercooling  of  the 
melt 

The  concept  of  a  critical  temperature  has  been  widely  cited 
concerning  the  metastable  crystallization  of  garnet  melts. 
Recently  it  was  shown  that  the  time  the  melt  is  held  above  the 
melting  temperature  is  also  important.  In  this  presentation  we 
will  introduce  the  concept  of  critical  time  for  the  case  of 
Gd3Ga50i2>  and  further  examine  the  characteristics  of  critical 
time  with  studies  on  the  metastable  crystallization  behavior  of 
Nd3Ga50i2  (NdGG).  The  variables  investigated  were:  the 
effect  of  soak  time,  soak  temperature,  cmcible  material,  and 
starting  material  (crushed  single  crystal;  calcined  powder; 
unfired,  stoich.  mix  of  oxides).  The  use  of  different  crucible 
material  had  no  effect  on  the  time  necessary  to  produce  meta- 
stable  crystallization.  Increasing  the  soak  temperature  short¬ 
ened  the  critical  time,  and  the  critical  time  was  shown  to  be 
strongly  dependent  on  the  nature  of  the  starting  material.  The 
fig.  below  shows  the  supercooling  temp,  as  a  function  of  soak 
time  at  ~1570*C  for  calcined  NdGG  powder.  The  vertically- 
striped  region  yielded  garnet  upon  crystallization;  the  horizon¬ 
tally-striped  area  was  either  multiphase  material  or  garnet;  the 


stipled  regions  indicate  metastable  crystallization.  Filled  sym¬ 
bols  represent  Pt/Rh  crucibles;  open  symbols  are  from  Pt  cruci¬ 
bles.  We  will  discuss  these  results  on  the  basis  of  competing 
interactions  between  embryos  of  the  garnet  phase  and  the  per- 
ovskite  phase. 


•Present  Address:  Hitachi  Metals,  Ltd.;  Magnetic  &  Electronic 
Materials  Research  Laboratory,  5200  Mikajiri,  Kumagaya-shi, 
Saitama-ken  361,  Japan. 

♦♦Present  Address:  Institut  filr  Kristallographie;  RWTH 
Aachen,  Jagerstr.  17/19,  D-5 100  Aachen,  Germany. 
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TOP-SEEDED  SOLUTION  GROWTH  OF  VANADATE  GARNETS 
Barry  A.  Wechsler  and  Charles  C.  Nelson 
Hughes  Research  Laboratoiies,  3011  Malibu  Canyon  Road 
Malibu,  Califomia  9026S  USA 


Garnets  in  which  the  tetrahedral  site  is  occupied  by  a  penta- 
valent  ion  include  the  minerals  palenzonaite, 
NaCa2Mn2V30i2,  and  berzeliite,  NaCa2Mn2As30i2.  Many 
other  vanadate,  arsenate,  and  phosphate  garnets  have  been  syn¬ 
thesized  in  powder  and  single  crystal  forms.  Single  crystals  of 
vanadate  garnets  NaCa2M2V30]2  (M  =  Mg,  Mn,  Co,  Ni)  have 
previously  been  grown  by  Czochralski,  flux,  and  top-seeded 
solution  growth  (TSSG)  methods.  The  best  crystals  appear  to 
have  been  produced  by  TSSG  with  lead  oxide  added  to  the 
melt,  although  incoiporation  of  lead  is  a  problem  in  that 


approach.  In  this  work,  we  have  used  TSSG  to  grow  large  (up 
to  4  cm^  in  a  30  cm^  crucible)  crystals  of  NaCa2Mg2V30i2  and 
NaCa2Co2V30]2  (Figure  1).  An  excess  of  sodium  vanadate 
was  used  as  the  solvent,  and  growth  was  driven  by  slow  cool¬ 
ing.  This  method  produces  crystals  very  close  to  the  ideal 
stoichiometric  composition  and  has  the  advantage  of  avoiding 
contamination  by  flux  atoms  such  as  Pb.  Samples  free  of  mac¬ 
roscopic  inclusions  have  been  grown  on  [001],  [Oil],  and  [111] 
oriented  seeds. 


Figure  1.  Vanadate  garnet  crystals,  SaCa^gjV yO  12  {left)  and  NaCa^fio^jOn 
(right) 
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THEORETICAL  GROWTH  FORMS  OF  NATURAL  GARNETS 
MM.R.  Boutz*  and  C.F.  Woensdregt 

Institute  of  Sciences  Utrecht,  Department  of  Geochemistry,  Section  of  Crystallograj^y 
P.O.  Box  80.021,  NL-3508  TA  Utrecht,  the  Netherlands 


Natural  garnets,  X^'*'3Y^'*'2(Si04)3,  where  X  represents  biva¬ 
lent  cations  such  as  Fe^'^,  Mg^*,  Mn^*  or  Ca^*,  and  Y  trivalent 
ones  such  as  Al^,  Fe^,  or  Cr^*,  form  an  important  group  of 
rockforming  minerals.  The  most  important  F  faces  of  natural 
garnets,  which  grow  slowly  according  to  a  layer  mechanism, 
are  (112),  {110),  {123),  {001),  {120)  and  {332).  The  crystal 
structure  of  pyrope,  Mg3Al2(Si04)3,  has  been  selected  as  repre¬ 
sentative  of  the  whole  garnet  group.  The  surface  configurations 
of  the  elementary  growth  layers  called  slices,  are  bounded  by 
A1  ions  in  the  case  of  d22o  ^240-  An  other  boundary  config¬ 

uration  can  also  been  chosen  for  the  former  one,  that  by  Si  and 
A1  ions,  just  as  in  the  case  of  do4o.  For  dii2  Wo  boundaries  are 
possible,  one  with  A1  and  Mg,  and  an  other  one  with  A1  and  Si. 
In  three  different  electrostatic  point  charge  models,  in  which 
the  point  charges  of  the  atoms  forming  the  Si-O  tetrahedral 
bonds  vary  from  the  completely  ionic  model  with  formal 
charges,  {Si^O^‘4)"^,  to  the  covalent  one  with  reduced  charges, 
{Si°0'4]'*',  the  attachment  energies  of  the  F  faces  have  been 
calculated.  In  all  models  the  formal  point  charges  of  the  A1  and 
Mg  ions  have  been  used.  For  F  faces  these  energies  are  sup¬ 


posed  to  be  directly  proportional  to  their  growth  rates.  The 
three  dimensional  Wulff  plots  of  these  energies  yield  the  theo¬ 
retical  growth  forios.  For  models  with  formal  charges  these 
growth  forms  consist  only  of  {112).  However,  on  the  more 
covalent  like  models,  which  have  lower  effective  charges  of 
oxygen  qo-  {100}  and  (HO)  ^>pear,  while,  at  the  same  time, 
{112}  disappears  slowly.  If  the  effective  charge  of  ^0  =  1-  the 
growth  form  is  merely  bounded  by  {110}.  Only  at  high  effec¬ 
tive  point  charges  on  oxygen,  2-<<70<l. 7-ordering  of  the 
boundary  cations  changes  substandall  the  growth  forms.  They 
consist  of  { 100)  and  (110),  but  at  lower  effective  charges  the 
growth  form  is  more  or  less  similar  tc  that  of  th»  lisordered 
models.  If  the  mineral  growth  of  natural  garnets  ptroceeds  with 
isolated  silicate  tetrahedra  as  building  units,  the  theoretical 
growth  form  would  be  (112). 


♦Present  address;  University  of  Twente,  Faculty  of  Chemical 
Technology,  L'’.boTatoiy  for  Liorganic  Chemistry,  Materials 
Science  -nd  Catalysis,  P.O.  Box  217,  NL-7500  AE  Enschede, 
the  'letb'rlands. 


CRYSTAL  GROWTH  AND  CHARACTERIZATION  OF  NEW  LASER  MATERIALS 
/?.  Coilongues,  AM.  Lejus,  /.  Thdry  and D.  Vivien 
I  boratcire  de  Chimie  Appliquee  de  1  ’Etat  Solide 
ENSf  1 1  rue  P.  et  M.  Curie,  7523 1  PaW--  ’cx  05,  France 


During  the  last  ten  years,  lu-  ,v  H"'!  ..laterials  were  disco'  - 
ered  in  our  labo.  tory.  One  of  »hem  is  the  LMA;Nd^  (or  LNA) 
(lanthanum  ncot,ymium  -’nate  Nd^"^  'oped)  which  is 
industrial  Iv  developed  ar  a  I  to  applicauons  in  nude  (r 
physics  4.  .j ..  /  sensitivit  dguctometers. 

Ano,.  -T  me  al  is  the  A''  'e  (strontium  neodymium  alumi- 
nate)  of  which  the  formui.,  is  Sri_,Nd,MgxAli2.»Oi9,  It 
belongs  to  '.e  same  structural  type  as  LNA  (magnetoplumbite) 
and  exhibits  ;  ''milar  optical  propierties.  But,  while  LNA  can  be 
grown  only  along  the  “a"  crystallographic  direction,  which 
does  not  favor  laser  action,  ASN  can  be  grown  along  both  "a” 
and  “c”  direction,  the  "c”  direction  being  the  preferred  direc¬ 
tion  for  the  laser  emission  as  well  as  for  the  cooling  of  the  rod 
laser  (maximum  of  thermal  conductivity  perpendicularly  to  the 
“c”  direction").  Furthermore  the  emission  spectrum  shows 


three  tunable  humps,  one  of  them  being  very  broad  (between 
aj^oximately  1066  and  1078  nm).  Therefore  ASN  is  a  promis¬ 
ing  material  for  power  lasers  as  well  as  tunable  lasers. 

Tlie  .hird  material  belongs  to  a  very  different  structural 
type.  It  is  the  gehlenite  neodymium  dojied  of  which  the  for¬ 
mula  is  Ca2.xNd,Al2+*Sii.nC)7.  The  calcium  (or  neodymium) 
crystallographic  site  is  of  very  low  symmetry  leading  to  a 
strong  absorption  band  around  800  run  which  is  the  emission 
band  of  laser  diodes  used  for  cmtical  pumping  of  neodymium 
lasers.  Furthermore  Al^  and  Si***  ions  are  randomly  distributed 
in  the  same  type  of  sites  which  leads  to  an  enlargement  of  the 
absorption  and  emission  bands.  The  broadness  of  the  absorp¬ 
tion  band  is  able  to  cover  the  drift  of  the  diode  during  operating 
and  thus  to  avoid  the  use  of  a  Peltier  element  to  control  the 
temperature.  The  Nd^*  doped  gehlenite  appeal  as  a  vray  conve¬ 
nient  material  for  optical  pumping  by  laser  diodes. 
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CRYSTAL  GROWTH  OF  YVO4  USING  THE  LHPG  TECHNIQUE 
S.  Erdei  and  F.  W.  Anger 
Materials  Research  Laboratory 

The  Pennsylvania  State  Univosity.  University  Parit,  PA  16802 


Some  difficulties  are  encountered  in  the  growth  of  neodym¬ 
ium  doped  yttrium  vanadate  NdrYVOa  single  crystals  which 
have  outstanding  laser  optical  properties.  Since  vanadium 
oxide  has  an  exceptionally  high  vapor  pressure  at  the  melting 
point  of  YVO4 1 1810C I  [1],  it  was  practical  to  select  a  growth 
method  where  the  whole  volume  of  the  substance  is  not  melted, 
but  only  a  small  region  at  the  crystallization  front  of  the  melu 
Steady-state  high  temperature  solution  growth  may  be 
achieved  using  vanadium  rich  YVO4  feed  rods  to  compensate 
for  the  V2O5  vaporizatioa 

A  50  watt  focused  CO2  laser  beam  was  used  for  the  fiber 
growth  experiments.  Ceramic  rods  of  YVO4  with  different 
square  cross-sections  and  different  V2O5-Y2O3  starting  com¬ 
positions  were  prepared  for  both  seed  rods  and  feed  rods.  The 
YVO4  powder  samples  were  synthesized  by  two  methods:  I) 
Preparation  from  aqueous  solution  and  2)  Solid  state  reaction 
of  Y2O3  and  V2O5  oxides.  The  firing  process  employed  gener¬ 
ally  led  to  a  change  in  the  starting  composition  of  the  YVO4 
due  to  the  vaporization  and  diffusion  of  V2O5. 

We  have  developed  a  quite  sensitive  “diffiision- 
colorization”  method  to  find  the  YVO4  “congruency.”  Our 
measurements  indicate  that  this  congruency  is  at  49.3  mol% 
V2O5-5O.7  mol%  Y2O3.  The  crystal  fibers  of  different  V2O5- 
Y2O3  starting  compositions  were  composed  of  a  mixture  of 
yellowish-white,  light  yellow  and  black  crystalline  regions,  the 
proportions  of  which  were  found  to  vary  with  the  composition. 


The  steady-state  growth  of  the  light  yellow  YVO4  crystals, 
which  were  grown  with  different  lengths  at  die  necks  of  die 
fibers  depend  on  the  vanadium  content  of  the  feed  rods.  The 
presence  of  YgV20i7  was  detected  in  die  YVO4  fibers  by 
X-ray  powder  diffraction  for  congruent  and  stoichiometric 
compositions.  The  color  of  YiWjQn  identified  by  Electron 
Microprobe  Analysis  is  yellowish-white  similar  to  that  of 
YVO4.  The  single  crystal  structure  of  die  light  yellow  YVO4 
crystal  fibers  which  were  grown  with  small  cracks  was  identi¬ 
fied  by  Laue  method.  'The  oxygen  deficiency  which  is  evident 
in  the  black  crystals  has  been  interpreted  as  a  YVC)3  formation 
[2].  The  YVO3  -♦YVO4  reoxidadon  Is  carried  out  in  the  solid 
phase  and  requires  more  time  than  the  LHPG  crystal  growdi 
process.  The  melting  point  of  YVO3  is  1860C'  [3].  The  most 
effective  method  to  avoid  reduction  is  to  maintain  the  local 
zone  temperature  below  1860C‘  inside  the  floating  zone.  This 
can  be  accomplished  fay  decreasing  the  floating  zone  length, 
decreasing  the  temperature  gradient  inside  die  zone  and  by 
using  ceramic  feed  rods  which  have  relatively  high  vanadium 
concentrations. 

The  best  results  were  obtained  for  starting  compositions  of 
approximately  55  mol%  V2O5. 


1.  E.  M.  Levin,  J.  Am.  Ceram.  Soc.  50(7),  381  (1967). 

2.  R.  C.  Ropp,  Mat.  Res.  Bull.,  Vol.  10,  pp.  271-276  (1975). 

3.  D.  B.  Rogers  et  al.,  J.  Appl.  Phys.  32  (3)  (1967). 
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DIRECT  GROWTH  OF  NANOMETER  SIZE  QUANTUM  WIRE  SUPERLATTICES 

PM.  Petrcff 

Materiab  Department  University  of  California 
Santa  Barbara,  CA  93106 


We  describe  a  novel  quantum  wire  superlattice  [1]  that  is 
grown  directly  by  Molecular  Beam  Epitaxy.  This  superlattice  is 
deposited  using  alternate  fractional  submonolayers  of  GaAs 
and  AljGaj.xAs  on  a  vicinaly  oriented  surface.  The  cross  sec¬ 
tion  transmission  electron  micrograph  (Figure  1)  shows  that 
the  interface  may  be  shaped  in  the  form  of  parabolas.  These 
structures  have  a  build  in  carrier  confinement  along  the  growth 
direction([001])  and  the  lateral  direction([110]).  The  scale  of 
the  confinement  is  smaller  than  lOnm  and  can  be  adjusted  by 
varying  the  interface  curvature  or  the  substrate  vicinal  angle. 
The  ID  quantum  wire  array  formed  are  called  Serpentine 
Superlattices  (SSL)  and  the  apex  of  the  parabolas  corresponds 
to  the  location  of  the  quantum  wires  in  the  SSL.  Photolumines¬ 
cence  (Figure  2)  and  Photoluminescence  excitation  spectra 
show  polarization  effects  that  are  associated  with  the  two 
dimensional  confining  potential  of  the  structure.  Comparison 
of  the  observed  polarization  with  the  theoretically  computed 
one[2]  indicates  that  the  structures  are  not  perfect  and  that  a 
certain  amount  of  A1  is  present  in  the  quantum  wire  region  of 
the  SSL  This  amount  is  estimated  to  be  close  to  30%  of  the 
amount  of  the  AI  content  in  the  barrier  regions  of  the  structure. 
The  resulting  lateral  confinement  for  a  structure  with  33%  Al  in 
the  barrier  is  found  to  be  around  SOmeV.  The  poor  segregation 


Figure  1.  A)  Cross  sectiion  TM  micrograph  cf  a  single  crescent  SSL. 
Black  represents  areas  that  are  GaAs  rich  while  white  region 
correspond  to  the  Al  rich  digital  alloy  barrier  layers.  Arrows  in  M 
inScate  a  meandering  t^the  interface. 


of  Al  at  the  step  edges  and  the  presence  of  superkinks  at  siq> 
edges  are  the  probable  reasons  for  the  observed  intermixing  of 
Al  and  Ga  in  the  quantum  wires.  Theory  and  experiments 
indicate  that  for  the  AlGaAs-GaAs  SSL  the  holes  are  confined 
to  a  ID  structure  while  the  electrons,  because  of  the  weak 
lateral  confinement  have  a  2D  character. 

The  origin  of  the  large  improvement  (300%)  in  the 
observed  Al  segregation  obtained  by  growing  on  (110)  vicinal 
surfaces  will  be  discussed. 

(^anurm  wire  structures  made  of  AlGaSb-GaSb[3]  will  be 
described  and  their  structural  and  optical  properties  compared 
to  those  of  the  AlGaAs-GaAs  SSL  structures. 


[1] M.S.  Miller,  C.E.  I^or,  H.  Wehman,  LA.  Samoska,  H. 
Kroemer,  and  P.M.  Petroff.  J.  Crystal  Growth  111, 
323(1991):  M.S.  Miller,  H.  Wetnan,  C.E.  Pryor,  M. 
Krishnamurty,  P.M.  Petroff,  H.  Kroemer,  and  J.L.  Metz. 
Phys.  Rev  Lett,  (submitted  1992). 

[2]  C.  Pryor.  Phys.  Rev.  B  44, 12912(1991). 

[3]  S.  Gialmers,  H.  Weman,  J.C.  Yi,  H.  Kroemer,  J.L.  Merz, 
and  N.  Dagli.  Appl.  Phys  Lett.  60, 1676  (1992). 


Figure  2.  Polarization  dependent  PL  spectra  for  a  single  quantum  wire 
SSL.  The  observation  direction  is  along  the  z  axis  as  defined  in  the  inset 
which  also  shows  the  SSL  position  and  the  quantum  wells  in  the  sample. 
The  solid  and  dashed  lines  are  for  light  polarized  parallel  atul 
perpendicular  to  the  quarUum  wires  respectively.  The  quantum  wells 
emit  unpolarized  light  in  this  direction  while  the  SSL  displays  a 
polarization  of  -23%. 
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EQUIUBRIUM  GAS-PHASE  COMPOSITION  AND  THERMODYNAMIC  PROPERTIES 
INCLUDING  SUBHYDRIDES  IN  THE  PYROLYSIS  OF  AsHa  AND  PH3 
AS.  Jordan^  and  A.  Robertsoi? 

AT&T  Bell  Labonuoiies 
^Murray  Hill,  New  Jersey  07974 
^Engineering  Research  Center  Princeton,  New  Jersey  08S40 


We  have  determined  the  gas-phase  composition  produced 
by  the  pyrolysis  of  AsHa  PH3  in  chemical  equilibrium  over 
a  wide  range  of  temperatures  (T)  and  pressures  (piat).  The 
results  are  directly  qjplicable  to  the  metalorganic  MBE 
(MOMBE  or  CBE)  growth  technique  for  m-V  materials  and 
have  important  implications  in  low  pressure  (LP)  and  atmo- 
sj^eric  pressure  (AP)  MOVPE.  As  a  starting  point,  the  thermo¬ 
dynamic  properties  of  AsHa  t>tid  its  subhydrides  AsH  an  AsHa 
were  evaluated  from  critically  assessed  or  estimated  spectro¬ 
scopic  data.  The  calculation  of  thermodynamic  functions  (free- 
energy  function,  entropy,  enthalpy,  and  heat  capacity)  was 
based  on  statistical  theimotfynamics.  For  the  first  time,  a  com¬ 
plete  set  of  these  functions  has  been  generated  between  0  and 
1600K  for  all  three  species.  In  addition,  the  standard  enthalpies 
of  formation  of  the  hydrides  were  derived  from  the  photoion- 
izadon  mass-spectrometric  bond  energy  values  of  Berkowitz. 
Similar  data  for  the  three  f^sphorous  hydrides  were  also  cal¬ 
culated,  thereby  updating  corresponding  values  in  the  JANAF 
Tables.  Next,  using  a  novel  Gibbs  free-energy  minimization 
technique  we  evaluated  the  equilibrium  concentrations  of  As, 
As2.  As4,  AsH,  AsH2,  AsHa,  ^  resulting  from  the 

thermal  decomposition  of  AsHa  ^  ‘  function  of  pt^t  between 
900  and  ISOOK.  The  pyrolysis  of  PHa  was  separately  treated  in 
a  similar  fashion. 

fit  LP-MOVPE  growth  (T  =  900K,  10'^  <  p«  (atm)  <  10*) 
the  dominant  species  in  AsHa  pyrolysis  (As/H  ratio  =  1/3)  are 
As4  and  Asa.  The  subhydrides  AsH  and  AsHa  equally 
prominent,  the  partial  pressure  of  AsHa  reaching  23  x  10*’  atm 
at  pu„  =  10'*  atm.  Under  AP-MOVPE  conditions  the  As^/Asa 
ratio  further  increases  and  AsHa  major  suUiydride.  Semi- 


quantitadvely,  the  decomposition  of  PHa  is  similar  to  diat  of 
AsHa  except  in  this  case  the  PH  concoitration  is  significant 
The  "cross-over"  temperature  from  tetramer  to  dimer  domi¬ 
nance  is  not  only  a  function  of  p^^  but  also  of  T.  Widi  increas¬ 
ing  Ha  dilution  at  a  constant  pi^t  die  input  As/H  or  P/H  ratio 
drops  and  the  cross-over  temperature  progrKsively  declines.  It 
will  be  shown  that  a  large  separation  in  cross-over  tempera¬ 
tures  between  As4/Asa  and  P4/P2  adversely  effects  die  T  depen¬ 
dence  of  the  [As/P]  ratio  in  die  gas  phase  and  hence,  the 
compositional  uniformity  on  groiqi  V  sites  in  quaternary  InGa- 
AsP  films  grown  by  LP-MOVPE. 

For  a  MOMBE  cracker,  we  have  derived  the  steady-state 
pressure  and  the  surface  flux  of  the  important  species  at  the 
substrate.  The  major  suNiydride  is  AsH  as  its  mole  fraction 
reaches  -lO"*  at  a  cradter  T  of  ISOOK  and  pa*  =  10'*  atm. 
Under  similar  conditions,  the  concentration  of  PH  is  about  on 
order  of  magnitude  lower  than  that  of  AsH.  We  have  found  that 
the  atomic  H  concentration  rises  with  temperature;  it  reaches  a 
mole  fraction  of  ~3  x  lO**  at  1300K  which  translates  to  0.011 
monolayers  (niL/sec).  Similarly,  the  atomic  As  concentration 
increases  widi  teirqierature  and  at  1300K  it  equals  diat  of 
atomic  H.  For  PHa  decomposition  the  atomic  H  is  about  an 
order  of  magnitude  more  abundant  dian  P.  In  die  low  pressure 
regime,  the  mole  fraction  of  the  majori^  dimeric  species  is 
always  greater  than  that  of  tetramers.  At  higher  T,  the  dimer/tet- 
ramer  ratio  rapidly  increases;  but  the  yapat  pressure  of  dimers 
is  insensitive  to  T  under  conditions  appropriate  for  MOMBE 
crackers.  Finally,  we  discuss  the  limitations  and  inqnovements 
of  equilibrium  analysis  with  regard  to  LP-MOVPE  and 
MOMBE  growth. 
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MONTE  CARLO  SIMULATION  OF  LI, -TYPE  ORDERING  DUE  TO  SURFACE  STEP 
MIGRATION  IN  THE  EPITAXIAL  GROWTH  OF  HI-V  SEMICONDUCTOR  ALLOYS 
Manabu  Ishimaru,  Syo  Matsumura,  Noriyuki  Kuwano  and  Kensuke  Oki 
Department  of  Materials  Science  and  Technology 
Graduate  School  of  Engineering  Sciences 
Kyushu  University-39.  Kasuga,  Fukuoka  816,  lapan 


Recently  the  present  authors  proposed  an  Ising  model  for 
the  layer-by-layer  growth  including  rearrangement  of  surface 
atoms  [1],  and  simulated  the  Uj-type  ordering  in  the  (001) 
growth  by  Monte  Carlo  method  [2].  'Die  results  explained  quite 
successfully  some  of  the  features,  e.g.  wavy  diffuse  streaks 
appearing  in  the  electron  diffraction  patterns  and  their  change 
as  a  function  of  growth  rate  or  temperature,  which  were 
obtained  for  OMVPE  or  MBE  grown  specimens  [2].  In  the 
present  study,  the  model  has  been  modiHed  to  be  fit  for  the 
ordering  due  to  surface-step  migration  in  the  epitaxial  growth 
on  a  slightly  inclined  substrate.  Here,  atoms  at  step-edges  on 
the  ((X)l )  surface  are  permitted  to  exchange  their  positions  with 
each  other,  and  epitaxial  layers  are  assumed  to  grow  by  the  step 
migration.  Figure  1  gives  an  example  of  (110)  Fourier  power 
spectra  of  the  atomic  arrangements  thus  obtained.  The  stqj 


iTi  iii 


edges  were  assumed  to  be  along  [110],  and  have  a  tendency  to 
form  like-atom  chains.  Superlattice  spots  at  17^1/2,1/2  show 
dial  the  (Tll)-type  variant  of  LI,  prevails  in  the  q>ilayei.  Note 
that  the  spots  ebngate  along  [Ill],  owing  to  non-conservative 
antiphase  boundaries  on  (Til)  planes.  In  contrast,  the  surface 
steps  along  [TlO]  bear  two  variants  of  (Til)  and  (lTl)-types 
simultarteously,  as  shown  in  Hg.  2.  Wavy  streaks  tqjpear  akmg 
[001]  in  Fig.  2.  The  results  in  Figs.  1  and  2  are  in  good  agree¬ 
ment  with  the  election  diftaction  patterns  of  Caj.^frixP  [3]. 


[1]  S.  Matsumura  et  aL:  Jpn.  J.  Appl.  Phys.,  29(1990),  688. 

[2]  S.  Matsumura  et  al.:  J.  Crystal  Growth,  in  press. 

[3]  e.g.  P.  BeUon  et  al.:  J.  Appl.  Pkys.,  66(1989).  2388. 
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GROWTH  KINETICS  BY  MBE  ON  FLAT  AND  STEPPED  SURFACES 
Tetsuya  Uchida,  Takashi  Uckida  and  Koh  Wada 
DqMrOnent  of  Physics,  Facul^  of  Science 
Holdddo  University,  Sqipoio  060,  J^>an 


The  growth  kinetics  for  III'V  compound  semiconductor  by 
molecular  beam  epitaxy(MBE)  is  studied  analytically  on  flat 
and  stepped  surfaces.  The  kinetic  equation  which  describes  the 
impingement  and  the  diffusion  of  atoms  on  the  surface  is 
derived  on  the  basis  of  the  so]id-on-solid(SOS)  model  using 
die  path  probabUity  method  (PPM)  [1]  introduced  by  Kikuchi 
as  a  method  of  non-equilibrium  stadsdcal  mechanics.  The  time 
evolution  of  die  surface  roughness  defined  as  the  average  num¬ 
ber  of  lateral  atom-vacancy  pairs  shows  qualitatively  the  same 
features  as  diose  of  the  observed  specular  spot  intensities  in 
reflection  high  energy  electron  diffraction  (RHEED)  [2],  which 
is  used  as  a  typical  technique  for  monitoring  crystal  growth  by 
HBE.  In  particular,  on  a  stepped  surface  the  present  specular 
intensity  calculation  (Fig.  1)  shows  that  the  growth  mode 
changes  from  the  layer-by-layer  growth  mode  on  terraces  to  the 
step  propagation  mode  as  the  temperature  is  raised  (Fig.l). 
This  result  agrees  well  with  that  of  RHEED  intensity  on  vicinal 
GaAs  surface  by  Neave  et  al.  We  also  study  the  effect  of 
anisotropy  on  the  growdi  mode,  typically  observed  in  growth 
of  Si  by  the  MBE  processes. 


[1]  K.  Wada,  H.  Kabuiagi,  T.  Uchida  and  R.  Kikuchi,  J.  Slot. 
P/iyj.  53(1988)1081. 

[2]  T.  Uchida,  Phys.  Lett.  A,  in  printing. 

[3JJ.H.  Neave,  PJ.  Dobson,  BA.  Joyce  and  J.  2Stang,  Appl. 
P/iyj.Lerr.  47(1985)100. 
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A  STUDY  OF  GROUP-V  DESORPTION  FROM  IdP,  InAs,  GaP,  AND  GaAs  BY 
REFLECTION  HIGH-ENERGY  ELECTRON  DIFFRACTION  DURING 
GAS-SOURCE  MOLECULAR-BEAM  EPITAXY 
B.W.  Liang  and  C.W.  Tu 

Depaitment  of  Electrical  and  Computer  Engineering 
University  of  California  at  San  Diego 
UJoUa.CA  92093-0407 


Desorption  behaviors  of  arsenic  and  phosi^orus  from  InAs 
and  InP  surface,  respectively,  have  been  studied  by  the  specu¬ 
lar-beam  intensity  transition  of  reflection  high-energy  electron 
diffraction  (RHEED)  when  the  groqr-V-cracker  shutter  was 
closed  in  gas-source  molecular-beam  epitaxy.  The  intensity,  we 
found,  is  an  exponential  function  of  time.  From  the  transition 
time  constant,  we  obtained  the  desorption  rate  constant  (k)  for 
both  arsenic  on  biAs  and  phosphorus  on  InP.  From  an 
Arrhenius  relation  between  k  and  the  substrate  temperature 
CT,),  we  obtained  the  activation  energies  for  arsenic  desorption 
fitnn  biAs  and  phosphorus  from  InP.  For  arseiuc  on  InAs,  the 
relation  between  k  and  T,  in  the  high-temperature  range  is 
different  from  that  in  the  low-tenipaature  range.  Based  on  the 
comparison  between  the  activation  energies  obtained 
RHEED  and  those  from  As2  and  AS4  vt^r  pressure  curves,  we 
believe  that  in  the  high-temperature  range,  it  is  arsenic  dimer 


that  desorbs  from  the  arsenic-rich  InAs  surface,  but  in  the 
low-temperature  range,  it  is  arsenic  tetramer.  Compared  with 
arsenic  on  InAs,  phosphorus  on  InP  has  a  very  large  desorption 
rate  constant  but  only  one  activation  energy,  which  is  consis¬ 
tent  with  that  obtained  from  the  P2  vtqwr  pressure  curve.  We 
can  use  these  results  to  explain  why  arsenic  has  a  much  higher 
incnporation  rate  than  phosphorus  in  InAsP  ternary  layers 
grown  by  gas-source  molecular-beam  epitaxy. 

Similar  studies  were  performed  for  GaP  and  GaAs.  Because 
of  the  higher  temperature  range  studied,  only  P2  and  As2 
desorption  was  observed.  The  data  were  also  used  to  establish  a 
model  for  the  group-V  composition  in  GaAsP  under  different 
growth  conditions. 


This  work  is  partially  supported  by  the  Offlce  of  Naval 
Research. 


HIGHLY  CARBON-DOPED  p-TYPE  G«.«5ln«jAs  BY  CARBON  TETRACHLORIDE 
IN  GAS-SOURCE  MOLECULAR  BEAM  EPITAXY 
ri>.  Chin*.  PD.  Kirthner,  GD.  Pettit.  C.  Lin  and  JM.  WoodaU 
IBM  Research  Division,  T.  J.  Watson  Research  Center 
Yorktown  Heights,  New  Yoric  10598 
C.W.Tu 

Dqrartment  of  Electrical  arul  Computer  Engineering,  0407 
Uruversity  of  Califorrua,  San  Diego,  La  Jolla,  California  92093-0407 


Carbon  has  been  demonstrated  as  an  important  p-type  dop¬ 
ant  in  GaAs,  AlGaAs,  and  GaP  because  of  achievable  high 
carrier  concentration  (1x10^  cm'^  by  MOVPE  and  1x10^*  cm‘^ 
by  MOMBE)  and  low  diflusivity  (compare  to  beryllium,  mag¬ 
nesium,  and  zinc).  These  characteristics  of  carbon  permit  thin, 
highly  conducting  layers  to  be  used  in  devices  such  as  the 
heterojunction  bipolar  transistor.  However,  in  MBE  or 
MOMBE,  carbon-doped  Gao  sltio^As  usually  found  to  be 
n-type  <»  p-type  with  low  carrier  concentration,  because  of 
either  low  carbon  incorporation  or  compensation  attributed  to 
amphotericity. 

In  this  work,  we  demonstrated  that  highly  carbon-doped 
p-type  GaoisItio.sAs  can  be  obtained  by  using  carbon  tetrachlo¬ 
ride  (CCI4)  as  a  doping  source  in  gas-source  MBE.  Elemental 
group-m  and  thermally  cracked  arsine  were  used  as  sources. 


p=3xl0*^cm^  was  achieved  after  a  post-growth  atmeal.  This  is 
so  far  the  highest  reported  net  carbon  acceptor  density  in  this 
material  system.  Compared  to  methyl  or  elemental  carbon  in 
MBE-related  growth  techruques,  CCI4  was  shown  to  be  mudi 
more  effective  for  carbon-doped  p-type  Gao^IriojAs.  4K  and 
300K  photoluminescence  were  also  measured.  Comparing  the 
growth  conditions  with  those  repotted  by  others,  we  proposed 
a  reversible  acceptor  hydrogerution  to  explain  the  armealing 
behavior. 

C.W.  Til  is  supported  by  the  Offlce  of  Naval  Research. 


*Peimanent  address:  Department  of  Electrical  and  Computer 
Engineering,  0407,  University  of  California,  San  Diego,  La 
Jolla,  California,  92093-0407. 
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GROWTH  OF  SEMICONDUCTORS  BY  UQUID  PHASE  EHTAXY 
E.  Bauser*  and  HP.  Strunk^* 

*Max-Plaiick-Institut  fDr  FeslkOiperfarschung,  Heisenbergstr.l 
DW-7000  Stuttgart  80,  Germany 
**Institut  fttr  Wericstofifwissenschaften  VII, 

UniveisitiU  Erlangen,  Cauersti.S,  DW-8320  Erlangen,  Geimany 


Liquid  phase  epitaxy  of  semiconductors  is  shown  to  bring 
into  operation  unadulteratedly  most  of  the  classical  crystal 
growth  mechanisms.  These  growth  mechanisms  influence 
crystal  properties  and  offer  various  possibilities  to  further 
evolve  specific  qualities  of  crystals.  Structural  perfection  is  one 
of  the  most  widespread  quality  requests  and  was  strived  for  in 
recent  experiments  with  silicon  LPE  layers.  These  layers, 
grown  on  silicon  substrates,  are  shown  to  be  &ee  of  extended 
defects  and  to  have  low  point  defect  densities.  The  data  of  solar 
cells  prepared  from  the  Si  LPE  layers  nuy  confirm  their  high 
perfection.  Selective  epitaxial  growth  on  defect-free  substrates 
combined  with  ejutaxial  lateral  overgrowth  provides  us  with 


completely  defect-free  siliccm-on-insulator  layers  whose  prop¬ 
erties  are  evaluated  by  measuring  the  diaracteristics  of  MOS 
transistors  falxicated  in  diem.  Mechanisms  for  defect  fotiru- 
don  during  epitaxial  growth  are  studied  in  order  to  frnd  ways  to 
eliminate  defects  or  to  minimize  their  densities.  Atterrqits  to 
correlate  dopant  and  iirqurity  incorporation  with  the  micro¬ 
structure  of  the  interface  will  be  described.  Heteroepitaxial 
growth  of  Sii.xGe,  (0£x£l)  on  Si  is  studied.  The  dislocation- 
free  Si  substrates  prove  favorable  for  investigating  basic  pro¬ 
cesses  of  misfit  dislocadon  formation  during  early  stages  of 
epitaxial  growth. 


STRUCTURE  OF  THE  GROWTH  SURFACE  OF  GaAs  GROWN  ON  (001) 
GaAs  BY  UQUID  PHASE  EPITAXY 
HP.  Strunk  and  T.  Monk 
Insdtut  for  Werkstoffwissenschafren  VH, 

UniversidU  Erlangen,  Haberstr.  2,  DW-8S20  Erlangen,  Germany 


Understanding  the  molecular  processes  that  occur  at  a 
growing  surface  requires  the  surface  structure  to  be  known,  i.e. 
die  actual  surface  topology  is  to  be  microscopically  investi¬ 
gated.  We  choose  GaAs-epilayers  grown  onto  GaAs  substrates 
by  liquid  phase  epitaxy  (Ga-solution).  Nominal  substrate  nor¬ 
mal  is  (001);  however,  in  order  to  analyse  the  topology,  that 
develops  during  qiitaxial  growth,  in  dependence  of  the  misori- 
entadon,  frequendy  spherically  shaped  substrates  with  up  to 
>>S0*  deviation  are  used. 

After  growth  the  surface  is  investigated  in  the  Nomarski 
differential  interference  optical  microscope  and,  frequendy  at 
accordingly  {deselected  areas,  in  the  reflection  electron  micro- 
sco[>e.  The  latter  method  is  readily  a|)plied  to  GaAs  contrary  to 


Si  surfaces,  in  which  case  the  natural  oxidation  leads  to  charg¬ 
ing  effects. 

Observations  on  the  monomolecular  growth  stq>  structure 
on  the  (001)  facettes  are  described  first,  especially  in  areas 
where  dislocations  serve  as  growth  {xomotors.  The  observa¬ 
tions  are  discussed  in  the  light  of  current  models  of  growdi  at 
dislocations.  Then  the  micro-  and  nano-structure  of  terrace 
risers  and  treads  will  be  considerecL  We  show  as  a  new  result, 
that  the  microstep  structure  of  both  differs  essentially  oidy  in 
scale,  not  in  geometry.  Implications  of  these  findings  for  mod¬ 
elling  crystal  growth  and  for  interaction  between  growth  ste{)s 
will  be  discnissed. 
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CRYSTALLIZATION  OF  OXIDE  SUPERCONDUCTORS  FROM  MOLTEN  HYDROXIDE 
Angelica  M.  Stacy,  Sarah  L.  Stoll,  Lmda  N.  Marquez  and  Steven  W.  Keller 
Department  of  Chemistry.  University  of  California 
Berkeley.  California  94720 


The  copper  oxide  superconductors  generally  have  been  pre¬ 
pared  by  solid  state  reastions  at  temperatures  above  800*C. 
Unfortuiutely.  there  are  many  disadvantages  with  the  use  of 
solid  state  reactions,  several  of  which  are  especially  detrimen¬ 
tal  to  the  performance  of  the  oxide  superconductors.  Here  we 
report  the  crystallization  of  cuprate  superconductors  by  selec- 
dve  precipitation  from  molten  salts  at  substantially  lower  tem¬ 
peratures  than  have  been  reported  previously.  Specifically. 


La2.xNaxCu04.  La2.xKx^04.  and  EuBa2.xNaxCu307  were 
precipitated  from  molten  NaOH  and/or  KOH  at  temperatures 
between  320*C  and  450'C.  All  three  exhibit  superconductivity. 
Among  the  many  advantages  of  this  synthetic  route  are  the 
preparation  of  the  products  at  relatively  low  temperatures,  and 
simplici^  in  the  formation  of  solid  oxide  materials.  Further¬ 
more.  in  contrast  to  most  solid  state  reactions,  single  crystals 
are  obtained;  the  properties  of  these  crystals  will  be  described. 


HIGH  OXYGEN  PRESSURE  (Po2<3000  bar)  P-T-x  PHASE  DIAGRAM 
OF  THE  Y-Ba-Cu-O  SYSTEM 
E.  Kaldis,  J.  Karpinsld,  S.  Rusiecki  and  E.  Jilek 
Laboratorium  fUr  Festkfirperphysik  ETH  8093-Ztlrich 


In  the  YBaCuO  system,  three  superconducting  phases  have 
been  discovered  up  to  now:  YBa2Cu307.x(123). 
Y2Ba4Cu70i5.x(247)  and  YBa2Cu408(124).  At  present,  after 
die  optimization  of  their  synthesis,  the  Tc’s  of  all  these  phases 
have  reached  similar  values  between  90  and  9SK. 

In  order  to  find  the  conditions  necessary  for  the  synthesis 
and  crystal  growth  of  the  various  phases  in  the  YBaCuO  sys¬ 
tem.  we  have  to  determine  the  multidimensional  P-T-X  phase 
diagram  [1,2].  In  such  system  all  parameters:  Y,  Pa.  Cu  content. 
T,  Po2  and  hydrostatic  pressure  itself  influence  the  stability  of 
the  phases.  One  should  also  remember,  that  Cu  appears  widi 
various  valences,  which  introduce  additional  variables.  We 
have  limited  our  investigations  to  compositions  corresponding 
to  the  points  of  the  line  123-CuO  on  the  ternary  phase  diagram 
Cu0-Ba0-Y203  l<Po2S3000  bar  and  T<1200*C.  An  impor¬ 
tant  conclusion  is  that  the  P-T  phase  diagrams  depend  strongly 
on  composition  and,  therefore,  the  stability  regions  of  124  and 
247  phases  are  different  for  various  composition.  This  quite 


obvious  conclusion  has  not  been  always  recognize  in  the  litera¬ 
ture.  Further,  this  phase  diagrams  show  that  under  normal  con¬ 
ditions  the  123  phase  is  metastable. 

The  phase  boimdaty  of  124  has  different  slopes  at  Poz^l 
bar  and  Po2>l  bar.  This  is  important,  because  it  indicates  a 
difference  in  the  free  energy  AG  of  the  reaction  at  high  and  low 
pressure{2].  Most  important  is  the  dependence  of  the  Tc  of  the 
247  phase  on  tiie  synthesis  coixlitions.  Conditions  of  synthesis 
leading  to  partial  reorientation  of  the  single  Cu-O  chains  are 
very  important  for  Tc. 

Several  others  properties  of  the  single  crystals  of  the  double 
chains  YBCO  compounds  will  be  briefly  discussed[l]. 


1.  E.  Kaldis,  J.  Karpinski,  S.  Rusiecki,  Proceed.  ‘Toshiba 
Intern.  School  of  Superconductivity,”  Kyoto,  July  1991; 
Springer  1991. 

2.  J.  Karpinski,  E.  Kaldis,  K.  Conder,  S.  Rusiecki.  E  Jilek, 
Proceed.  NRS  Symposium  Dec.  1991;  Elsever  1992. 
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PHASE  DUGRAM  AND  CRYSTAL  GROWTH  OF  (Yl-xPrJBajCu307., 

Chat  Changkang,  BM.  Wanklyn,  Hu  Yongle,  AJC.  Pradham,  J.W.  Hodby,  S.  Hazdl  and  FJ(.  Won^e 
Clarendon  Laboraloiy,  UniveisiQr  of  Oxford,  Parks  Road,  Oxford,  UK 
A.  Boothroyd 

Department  of  Physics,  University  of  Warwick,  Coventry,  UK 


(YJPr)BCO  is  an  unique  superconductive  material  for  inves¬ 
tigation  of  the  relationship  between  structure,  composition  and 
properties,  hi  order  to  grow  big  crystals  with  high  quality,  a 
physico-chemical  research  has  been  carried  on  the  growth  sys¬ 
tem  of  ¥203  -  BaO  -  CuO.  The  eutectic  composition  of  flux 
with  BaO:CuO  =  7:18  (Mol.)  was  conBrmed  by  the  improved 
thermogravimetric  analysis  (TTGA).  And  the  pesudo-binary 
phase  diagram  of  (Y,Pr)BCO  -  (7BaOi-18CuO)  was  established 
by  means  of  differential  thermal  aiudysis  (DTA),  X-ray  tech¬ 
nique  and  the  experiments  of  crystal  growth.  According  to  the 
phase  diagram,  suitable  composition  and  the  temperature  pro¬ 


gram  were  set  up  for  the  growth  of  large  crystal  and  for  the 
separation  of  crystals  from  die  flux.  Single  cr'stal  with  wide 
range  of  Pr  doping  level  have  been  obtained  from  the  flux  of 
BaO-CuO  with  eutectic  composidorL  The  crystals  were  identi¬ 
fied  by  X-ray  powder  diffraction  pattern.  The  dependance  of 
the  Pr  concentration  in  crystals  on  it  in  the  starting  composition 
was  shown  by  electron  probe  microanalysis  (EPMA)  and  X- 
ray  microanalysis.  The  superconductivity  measuremeiu  indi- 
csled  that  the  superconducting  transition  temperatures  were 
related  to  the  doping  concentrations. 


CRYSTAL  GROWTH  MECHANISM  OF  YBajOujO,  SUPERCONDUCTORS 
WITH  PERITECnC  REACTION 
Teruo  Izwni,  Yuichi  Nakamura  and  Yuh  Shiohara 
Superconductivity  Research  Laboratory,  International  Superconductivity 
Technology  Center,  1-10-13  Shinonome  Koto-ku,  Tokyo  135,  Japan 


YBa2Cu30y  (123)  crystal  rods  were  prepared  by  a  zone 
melt  method  under  several  different  growth  rates  to  investigate 
the  growth  mechanism.  Calcined  powders  with  the  ratio  of 
Y:Ba:Cu»l. 2:2. 1:3.1  were  pressed  into  rods  which  were  about 
2mm  in  diameter.  The  precursor  rod  was  suspended  by  a  clip 
arvl  inserted  into  a  furnace  at  high  speed.  The  partial  melting 
zone  in  the  furnace  was  controlled  at  1030*C  which  is  within 
the  partial  melting  temperature  range  where  Y2BaCuOs  (211) 
and  liquid  phases  coexist  The  unidirectional  solidification  was 
performed  by  pulling  the  samples  upward  at  1, 2,3,6,  and 
lOmmth.  Then  the  samples  were  dropped  into  a  quench  tank  by 
releasing  the  clip  during  steady  state  solidification  in  order  to 
observe  the  growth  interface  morphology. 

The  samples  grown  at  growth  rates  lower  than  6mm/h 
showed  a  continuous  structure  and  faceted  interfaces  were 
observed  in  the  samples  grown  at  1  and  2mm/h.  Furthermore, 
the  volume  of  the  211  phase  changed  drastically  from  liquid  to 


the  123  crystals.  This  suggests  that  for  a  typical  peritectic 
reaction  of  tills  ^stem,  the  necessary  solute  is  provided 
through  the  liquid.  The  solidification  model  based  on  the  liquid 
diffusion  control  was  developed.  According  to  this  model,  if 
the  initial  size  distribution  of  21 1  particles,  the  initial  conqxisi- 
tion,  and  several  thermo-physical  properties  are  given,  then  the 
balanced  velocity  for  steady  state  directional  solidification  and 
the  size  distribution  change  of  211  particles  from  liquid  to  123 
crystal  can  be  estimated.  The  expected  balance  velocities  and 
distribution  change  are  in  good  agreement  witii  the  experimen¬ 
tal  results. 

Additionally,  tiie  effects  of  platinum  doping  to  die  {vecursor 
on  the  growth  of  123  crystal  will  be  discussed. 

This  work  has  been  supported  by  the  New  Energy  and 
Industrial  Technology  Development  Organization  under  man¬ 
agement  of  Research  and  Development  of  Basic  Technology 
for  Future  Industries. 
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CZ  GROWTH  OF  YBa2Cu307  SINGLE  CRYSTALS 
C.T.  Lin*,  E.  Schdnherr  ,  H.  Bender**  and  W.Y.  Liang* 
*IRC  in  Superconductivity,  University  of  Cambridge, 
Madingley  Road,  Cambridge  CB3  OHE,  UK 
^ax-Planck-Institut  f(lr  Festkdiperforschung, 
Heisenbergstr.  1, 7000  Stuttgart  80,  Germany 


We  report  the  growth  of  YBa2Cu307.,  single  crystals  by  a 
modified  Czochralski  technique.  A  particular  high  temperature 
muffle  furnace  has  been  designed  to  heat  an  Y-Ba-Cu-O  flux  in 
an  alumina  crucible.  The  closed  end  of  an  alumina  lube  was 
used  as  a  seeding  center.  A  large  radial  and  axial  temperature 
gradient  was  maintained  by  cooling  the  tube  end  with  a  cold  air 
flow.  The  crystal  growth  was  controlled  by  an  extremely  low 
pulling  rate  (0.2  tiun/h)  together  with  a  low  cooling  rate  (0.1 
C*/h)  rate  (0.1  C*/h)  of  the  flux. 


An  optimum  flux  composition  was  found  at  about  Y:Ba:Cu 
=  1:6:13.  In  the  first  step  the  non-123  phases  were  pulled  off 
from  the  flux.  In  the  second  step  large  YBa2Cu307.x  single 
crystals  were  formed  at  the  surface  of  the  flux.  For  crucibles 
with  a  diameter  of  S  cm  the  area  of  some  single  crystals 
reached  about  6  cm^.  The  oxygen  content  of  the  single  crystal 
was  determined  by  Raman  Spectrum  to  amount  6.8.  We  also 
report  the  magnetic  properties  of  the  single  crystal. 


ON  ROLE  OF  ELECTRON  AND  OPTICAL  MICROSCOPY  IN  THE  STUDY  OF 
PREGROWTH  AND  POSTGROWTH  HISTORY  OF  SOME  CUPRATE  CRYSTALS 
AJS.  Chowdhury  and  BM.  Wanklyn 
National  Crystal  Growth  Facility  for  Siqrerconducting  Oxides 
Clarendon  Laboratory,  Department  of  Physics 
University  of  Oxford,  Oxford  0X1  3PU,  UK 


Crystals  of  YBa2Cu307.j,(Y,Pr)Ba2Cu307.^dBa2Cu307.j, 
Bi2Sr2(Ca,Gd)Cu202,  (Ndi.,.yCe,Sry)2Cu04,j  were  grown  by 
the  flux  method.  Some  crystals  .  .perconducting,  others 
were  not.  The  Hot  Stage  Optical  ir :  ..oscopy  played  an  impor¬ 
tant  part  during  the  pregrow  '  ires  of  the  starting  materials. 
This  was  used  to  determine  the  periteede  and  euteede  tempera¬ 
tures  of  some  of  the  systems.  The  informadons  obtained  could 
be  used  either  on  tlicir  own  or  in  conjunedon  with  DTA  to  draw 
phase  diagrams  of  a  system.  Both  the  opdeal  and  the  electron 


microscopy  were  useful  during  the  postgrowth  assessment  and 
the  characterisadon  of  the  product  crystals.  The  techniques 
used  for  this  study  involved  Hot  Stage  Opdeal  Microscopy, 
Interference  Microscopy,  and  SEM,  TEM,  EPMA  and  microa¬ 
nalysis  using  different  electron  microscopes.  The  advantages 
and  the  disadvantages  of  these  methods  to  carry  out  routine 
analysis  and  the  assessment  of  the  crystals  will  be  discussed  in 
some  detail. 
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SURFACE  ANALYSIS  OF  Kb3.^Co04  (LnsPr  uid  Nd)  SINGLE  CRYSTALS 
GROWN  BY  THE  TOP  SEEDED  SOLUTION  METHOD 
L.C.  Sengupta*  and  S.  Sengi^ta** 

*U.S.  Army  Mateiuls  Tedmology  Laboratory, 

Ceramics  Research  Branch,  Watertown,  MA  02172-0001 
**Laboratoty  for  Advanced  Solid  State  Laser  Materials, 

Center  for  Materials  Science  and  Engineering, 

Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 


N-type  cuprate  superconductors  have  generated  scientific 
interest  for  the  past  few  years.  Due  to  the  unavailability  of  large 
single  crystals,  a  thorough  study  of  the  electronic  properties 
and  optical  properties  of  the  material  has  been  somewhat  lim¬ 
ited. 

Large  single  crystals  of  Ln2.xCexCu04  (Ln=Pr  and  Nd), 
average  size  approximately  5  rrun.  x  S  irun.  x  -1  mm.  were 
grown  by  the  Top  Seeded  Solution  Growth  TSSG  technique'^. 
The  optical  constants  of  the  crystals  were  determined  by  Vari¬ 
able  Angle  Spectroscopic  EUipsometry  (VASE).  The  composi¬ 
tions  of  the  crystals  were  verified  by  Rutherford  backscattering 
Spectrometry  (RB.S)  and  the  orientation  was  verified  by  X-ny 
diffractiotL  Also  susceptibiliQr  measurements  were  performed 
using  a  SQUID  magnetometer.  We  will  present  the  results 
which  show  that  the  crystals  grown  by  the  TSSG  method  are 
very  uniform  in  composition  and  well-oriented.  A  coitqrarative 


study  with  equivalent  ceramic  specimens  will  also  be  pre¬ 
sented.  These  single  arystals  were  also  used  to  study  the  efifect 
of  Ce  concentration  and  annealing  parameters  on  die  1.5  ev 
electronic  transition  of  Ln2.xCexCu04  using  the  VASE  tedi- 
nique.  The  results  seem  to  indicate  diat  die  U  ev  transition 
appears  as  the  doping  concentration  decreases.  The  excitation 
can  be  assigned  to  the  charge  transfer  (CT)  between  the  Cu 
(3d)  and  the  O  (2p)  state.  This  charge  transfer  has  also  been 
observed  for  p-type  cuprate  superconductors.  Also  an  increase 
in  the  Ce  concentration  increases  the  spectral  weight  near  4  ev 
which  suggests  a  change  in  the  Cu-related  transitions.  The 
effect  of  oxygen  reduction  on  die  transition  was  also  studied. 

‘The  single  crystals  were  grown  by  Dr.  Ailete  Cassanho  at  the 
CMSE  at  MXT.  and  the  authors  gratefully  acknowledge  her 
generosity  in  lending  die  crystals. 


REAL  STRUCTURE  OF  La2.,Sr,Cu04  SINGLE  CRYSTALS 
K.V.  Gamayunov* 

General  Physics  Institute,  Vavilov  St,  38, 117942,  Moscow,  USSR 


Real  structure  of  crystals  is  quite  significant  for  die  experi¬ 
mental  data  interpretation  of  all  kinds  electric,  magnedc  and 
others  measurements. 

In  this  report  we  present  some  results  of  investigation  of 
real  structure  of  the  La2.xSrxCu04  single  crystals. 

Ordering  of  the  Sr  atom  distribution  over  La  sites  in  single 
crystals  of  (Laj.xSrx)2Cu04.4i  has  been  established  by  X-ray 
structural  analysis.  The  ordering  can  be:  full-La(La0.76Sro,24)2 
CUO3.92  partial  -  (Lao.94Sro.04)  (Lao.g4Sro.i4)Cu044|  or  it  can  be 
missing  -  (La0.97,Sro.o3)2Cu04,5.  Tire  ordering  leads  to  Sr  con¬ 
centration  in  certain  layers  of  the  structure,  -La-La-Cu-(La,Sr)- 
(La,Sr)-Cu-La-La-,  and  the  loss  of  some  oxygen  atoms  in  the 
same  layers.  The  latter  accounts  for  a  lowering  of  Tc  in  single 
crystals  with  an  ordered  Sr  atom  distribution.  The  siqietcon- 
ducting  transition  temperature  of  (Lai.xSrx)2Cu04.5  depends 
not  only  on  the  Sr  content  in  a  sample  but  also  on  its  distribu¬ 
tion  over  La  sites.  That  is  why  die  superconducting  transition 
temperature  of  ceramic  samples  is,  as  a  rule,  higher  than  diat  of 
single  crystals  with  the  same  Sr  content 


Real  structure  of  Lal.92Sro.o8Cu04  superconducting  single 
crystal  has  been  investigated  by  method  of  reflectory  X-ray 
diffraction  topogrqihy.  Investigation  was  carried  out  in  two 
perpendicular  planes,  one  of  which  contents  "c"  axis.  We  have 
found  diat  the  sample  which  was  determined  by  integral  dif¬ 
fraction  data  as  single  crystal  in  reality  is  die  conglomerate  of 
large  quite  perfect  (60")  blocks  of  lamellar  form.  Clear  layered 
structure  with  period  of  50-60  pm  and  layers  oriented  perpen¬ 
dicularly  to  “c”  axis  was  observed  for  planes  whidi  contanted 
“c”  axis. 

The  data  on  the  electrical  resistivi^  vs  T  along  and  perpen¬ 
dicular  to  “c”  axis  have  shown  diat  siqierconducting  transition 
exists  in  both  directions  but  transition  are  sharper  for  measure¬ 
ments  in  the  direction  of  “c"  axis. 


*In  collaboration  widi  Institute  of  Crystallograidiy  (Moscow) 
and  Physical-Technological  Institute  (St-Peterburg). 
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TECHNOLOGICAL  PARAMETERS  INFLUENCE  ON  THE  MORPHOLOGY  AND  THE 
TEMPERATURE  OF  SUPERCONDUCTING  TRANSITION  IN 
La2.,Sr»Cu04^  SINGLE  CRYSTALS 
V.V.  Voronov,  K.V.  Gamayunov,  VJ.  Zorya,  AL.  Ivanov,  V.V.  Osiko, 

VM.  Tatarintsev,  A. I.  Chernov  and  Yu  P.  Yakovets 
General  Physics  Institute,  Academy  of  Sciences  of  the  USSR 
117942  Moscow.  Vavilov  Street  38.  USSR 


In  this  paper  we  have  investigated  the  influence  of  the 
temperature  distribution  in  the  melt  region  and  the  rale  of  melt 
cooling  on  the  shape  and  the  dimensions  of  growing  La2.xSrx 
CUO4.5  crystals,  their  composition  and  superconducting  transi¬ 
tion  temperature.  Single  crystals  of  pyramid-like  shape  of 
dimensions  5x4x7  mm3  and  of  plate-Uke  shape  of  dimensions 
11x10x1.4  inin3  were  obtained  by  spontaneous  crystallization 
from  CuO  flux.  Grown  crystals  were  investigated  by  X-ray 
diffraction  and  electron-probe  analysis.  The  critical  tempera¬ 


ture  was  determined  by  EXT  susceptibility  measurements.  We 
have  obtained  both  pure  and  Sr  doped  La2Cu04^  single  crys¬ 
tals  with  maximal  Tc-2S  K.  It  has  been  found  that  Sr  does  not 
principally  affect  on  the  shape  of  La2.xSrxCu04^  crystals.  It’s 
shown  that  the  rate  of  melt  cooling  for  the  growth  of  relatively 
large  pyramidal  crystals  must  be  rather  slow  than  for  plate-like 
crystals  of  the  same  dimensions.  The  hypothesis  on  the  differ¬ 
ence  between  growth  processes  along  “c”  and  “a”  directions 
has  been  proposed. 
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ROLE  OF  INSTABILITIES  IN  DETERMINATION 
OF  THE  SHAPES  OF  GROWING  CRYSTALS 
Robert  F.  Sekerka 
Depts.  of  Physics  and  Mathematics 
Carnegie  Mellon  University,  Pgh.,  PA  15213 


The  shaptes  of  growing  crystals  are  determined  by  an  inter¬ 
play  of  complex  processes  that  include  transport  of  enemy  and 
matter  through  bulk  phases,  usually  by  diffusion  or  convection, 
and  kinetic  processes  that  take  place  local  to  the  interface  at 
which  the  crystal  is  forming  from  the  nutrient  phase.  These 
processes  take  place  in  the  context  of  local  equilibrium  condi¬ 
tions  of  a  thermodynamic  origin,  which  at  the  interface  depend 
on  considerations  of  capillarity  (surface  tension)  in  a  manner 
expressed  by  the  Gibbs-Thomson  equatioiL  A  mathematical 
description  of  crystal  growth  therefore  results  in  a  free  bound¬ 
ary  problem  (the  free  boundary  being  the  location  and  shape  of 
the  interface  as  a  function  of  time)  for  thermal  and  composi¬ 
tional  fields,  governed  by  partial  diffaendal  equations  and 
subject  to  boundary  conditions  on  the  free  boundary  and  at  the 
extremities  of  the  system.  TTiis  free  boundary  problem  is  not 
only  difficult  to  solve  but  often  displays  multiple  solutions;  i.e., 
its  solutions  are  not  unique.  Although  one  could  seek  to  restore 
uniqueness  by  accounting  for  new  physical  phenomena,  this 
approach  has  generally  been  unsuccessful.  Instead,  one 
attempts  to  select  from  among  the  multitude  of  possible  solu¬ 


tions  by  invoking  matters  of  dynamic  stability.  Matters  of 
hydrodynamic  instability,  which  may  be  important  when  the 
nutrient  phase  is  a  fluid,  are  covered  in  other  parts  of  this 
conference  and  will  not  be  considered  in  this  lecture.  We  shall 
concentrate  on  matters  of  instability  that  govern  the  shape  of 
the  interface  through  an  interplay  of  diffusive  transport,  capil¬ 
larity,  and  interface  kinetics.  The  interplay  of  diffusive  trans¬ 
port  and  capillarity  is  the  basis  of  classical  mor|;dtological 
stability  theory;  whereas,  the  interplay  of  diffusive  transport 
and  interface  kinetics  leads  to  well-known  dynamical  instabil¬ 
ity  criteria  for  faceted  crystals.  Studies  of  the  interplay  of  capil¬ 
larity  and  interface  kinetics  are  more  recent,  and  lead  to 
interesting  modifications  of  the  classical  work  of  Frank  that 
describes  the  evolution  of  crystal  growth  shapes  under  condi¬ 
tions  for  which  c^illaiy  effects  are  negligible.  Theories  that 
treat  all  three  phenomena  simultaneously  are  rare  but  lead  to 
interesting  effects  that  deserve  further  exploration. 


This  work  was  supported  by  the  National  Science  Foundation 
under  grant  DMR9043322. 
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GROWTH  MORPHOLOGIES  IN  DIFFUSION  FIELD 
Yuldo  Saito,  Makio  Uwaha*  and  Tomoko  SaJdyama 
Department  of  Physics,  Keio  University 
3-14-1  Hiyoshi,  Kohoku-ku,  Yokohama  223,  Japan 
♦Institute  for  Materials  Research,  Tohoku  University 
2-1-1  Katahira,  Aoba-ku,  Sendai  980,  Japan 


Crystals  growing  in  a  diffusion  field  undergo  a  morj^ologi- 
cal  instability  to  foim  intricate  structures  with  full  variety.  The 
stability  of  planar  interface  can  be  studied  with  the  linear  the¬ 
ory,  but  the  well-developed  nonlinear  structures  can  most 
appropriately  be  handled  by  numerical  simuladons. 

Simulations  of  an  aggregation  growth  from  a  lattice  gas 
revealed  that  the  growth  rate  is  governed  by  the  gas  density  and 
the  fractal  dimension  of  the  diffusion-limited  aggregadonfl’. 
Effects  of  other  factors  such  as  noise,  anisotropy[21  and 
flow[3]  are  also  invesdgated.  Inclusion  of  surface  tension  and 
surface  kinedcs  produces  more  regular  structures,  but  the  two 
effects  caimot  be  separated[4]. 


For  a  crystal  with  a  rough  interface,  the  dendridc  growth  is 
simulated  by  a  continuous  model,  and  there  the  effects  of  sur¬ 
face  tension  and  kinedcs  can  be  separately  controlled.  The 
crossover  in  the  scaling  behavior  of  the  dendridc  growth  is 
observed  by  increasing  the  kinedc  coe£5cient[S]. 

[1] M.  UwahaandY.  Saito,  Phys.  Rev.  A40  (1989)  4716. 

[2]  M.  Uwaha  and  Y.  Saito,  J.  Crystal  Growth  99  (1990)  175. 

[3]  S.  Seki,  M.  Uwaha  and  Y.  Saito,  Europhys.  Lett.  14  (1991) 
397. 

14]  Y.  Saito  and  T.  Ueta,  Phys.  Rev.  A  40  (1989)  3408. 

[5]  Y.  Saito  and  T.  Sakiyama,  unpublished. 


SIMULATION  OF  MICROSCOPIC  SEGREGATION  AND  GROWTH 
MORPHOLOGIES  IN  BINARY  SYSTEMS 
Rong-Fu  Xiao,  J.  wan  D.  Alexander,  From  Rosenberger  and  Ma-Ben  Ming 
Center  for  Microgravity  and  Materials  Research 
University  of  Alabama  in  Huntsville 
Huntsville,  Alabama  35899,  USA 


We  have  used  a  Monte  Carlo  model  to  simulate  micro¬ 
scopic  segregadon  and  growth  morphologies  in  binary  solidifl- 
cadon.  The  model  combines  species  transport  in  the  melt, 
based  on  a  modified  diffusion-limited  aggregadon  (DLA)  pro¬ 
cess,  with  ardsotropic  growth  kinedcs  at  the  solid-melt  inter¬ 
face.  The  interfacial  processes  considered  include  attachment, 
surface  diffusion  and  detachment  The  transidon  probabilides 
for  these  processes  are  calculated  from  the  thermodynamic 
driving  forces  and  pairwise  particle  interactions,  considering 
up  to  second-nearest  neighbors.  The  driving  forces  in  the 
binary  solution  are  dependent  on  the  applied  undercooling  and 
transport-dependent  melt  concentration  distribution  at  the 
interface.  For  selected  cases  we  have  superimposed  a  drift  on 
the  random  walk  (DLA)  process  to  explore  the  trends  resulting 
from  convective  transport. 

Through  variation  of  the  interaction  energies,  undercool¬ 
ings  and  initial  melt  composition,  a  broad  range  of  microstruc¬ 
tures  has  been  obtained,  including  faceted  and  non-faceted 


lamellar  systems  of  spacing  X,  and  layered  and  ioiuc  com¬ 
pounds.  For  lamellar  eutectics  we  have  found  that  at  higher 
undercoolings,  the  product  of  and  the  solidification  rate  is 
constant  and  has  the  same  order  of  magnitude  as  that  found  in 
experiments.  For  off-eutectic  growth  we  have  observed  oscilla¬ 
tions  in  the  lamella  widths  at  certain  growth  conditions.  In 
addition,  we  have  obtained  tilted  growth  for  both  eutectic  and 
off-eutectic  compositions  by  suddenly  changing  the 
undercooling. 

This  work  has  been  supported  by  the  State  of  Alabama 
through  the  Center  for  Microgravity  and  Materials  Research  at 
the  University  of  Alabama  in  Huntsville,  and  by  NSF  Grant 
INT-89031  73. 

♦Laboratory  of  Solid  State  Microstructures,  Nanjing 
University,  Nanjing  210008,  People’s  Republic  of  China. 
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MONTE  CARLO  SIMULATION  OP  MORPHOLOGICAL  INSTABILITY 
IN  STEP  FLOW  GROWTH 
C.C.Hsu 

Depanment  of  Electronic  Engineering 
The  Chinese  University  of  Hong  Kong 
Shatin,  NT,  Hong  Kong 


In  the  epitaxial  growth  process  on  vicinal  surface,  steps 
provide  the  nucleation  sites.  If  the  supersaturation  is  suffi¬ 
ciently  low,  the  growth  will  commence  in  a  lateral  fashion, 
according  to  the  BCF  theory.  This  is  the  so-called  “step  flow." 
It  is  important  to  maintain  the  morphological  stabiliQr  of  these 
moving  steps  during  growth.  In  the  conventiorud  morphologi¬ 
cal  stability  theory,  diffusion  and  Gibbs-Thompson  effect  are 
the  destabilizing  and  stabilizing  factors.  However,  instability 
was  reported  on  the  growth  of  Si  on  (111)  surface  by  MBE  and 
GaAs  by  MOCVP.  The  steps  have  anisotropic  character.  It 
shows  that  anisotropy  is  a  stronger  stabilizing/destabilizing 


factor  than  those  considered  in  isotropic  morphological  stabil¬ 
ity  theory. 

Using  the  Monte  Carlo  method  developed  by  Gilmer  and 
Beimema,  we  simulate  the.  crystal  growth  on  die  (111)  vicinal 
surface.  Surface  morphology  generated  by  simulation  is  similar 
to  that  observed  by  TEM,  provided  that  proper  simulation 
growth  parameters  (temperature,  bond  strength  and  siqiersatu- 
ration)  were  chosen.  In  the  Monte  Cailo  method  crystal  sym¬ 
metry  and  anisotropy  are  inherently  reflected  in  its  attachment 
kinetics. 


FLUCTUATION  OF  STEPS  IN  SURFACE  DIFFUSION  FIELD 
Makio  Uwaha 

Institute  for  Materials  Research,  Tohoku  University 
2-1-1  Katahira,  Aoba-ku,  Sendai  980,  Japan 
YuJdo  Saito 

Department  of  Physics,  Keio  University 
3-14-1  Hiyoshi,  Kohoku-ku,  Yokohama  223,  Japan 


Crystal  growth  from  the  vapor  has  been  studied  for  a  long 
time  since  the  classic  work  of  BCF  (W.K.  Burton  N.  Cabrera 
and  F.C.  Frank,  Philos.  Trans.  R.  Soc.  London,  Ser.  A  243 
(1951)  299).  Recent  advancement  of  the  observation  technique 
made  direct  observation  of  thermal  fluctuation  of  atomic  steps 
possible.  Step  stiffness  and  interaction  between  steps  on  the 
Si(lll)  face  have  been  estimated  from  the  equilibrium  fluctua¬ 
tion  of  steps.  We  study  nonequilibrium  fluctuation  of  steps, 
where  the  growth  mechanism  plays  an  important  role  in  deter¬ 
mining  fluctuatioiL 

In  the  BCF  type  model  we  use  a  linear  stochastic  equation 
to  describe  the  step  fluctuation  5yk(t).  The  spectrum  of  the 
random  force  is  determined  by  the  equipartition  law  at  equilib¬ 
rium.  The  amplitude  of  the  step  fluctuation  is  given  by  a  gener¬ 
alized  partition  law  as  <  1 8yit  |  S  =  r/v*(/),  where  vjl'/)  is  an 


effective  force  constant  controlled  by  the  in^pingement  fre¬ 
quency/. 

Mth  an  asymmetry  in  step  kinetics,  the  stq>  becomes 
smooth  when  it  melts,  whereas  it  becomes  rough  when  it 
grows.  The  roughness  diverges  when  the  supersaturation 
approaches  the  Mullins-Sekerka  instability  point  These  effects 
are  very  pronounce  if  the  surface  diffusion  length  is  large. 

We  perform  Monte  Carlo  simulations  with  a  lattice  model 
(Fig.  1).  The  growth  velocity  agrees  very  well  with  the  theoret¬ 
ical  value,  and  the  expected  step  smoothing  and  roughening  are 
confirmed  with  a  reasonable  accuracy. 

Fluctuation  of  equidistant  parallel  steps  in  a  vicinal  face  is 
also  studied. 


Figure  I .  Position  of  adsorbed  atoms  and  the  step  in  the  atmosphere  of  a)  vacuum,  b)  equilibrium  and  c)  supersaturated  vapor. 
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HOW  DO  INTERFACE  KINETICS  AND  FLOW  WITHIN  BOUNDARY  LAYER  TOGETHER 
INFLUENCE  MORPHOLOGICAL  STABILITY  OF  A  VICINAL  FACE 

AA.  Chernov 

Institute  of  Ciysullography,  Russian  Academy  of  Sciences 
59  Leninsky  Prosp.,  Moscow  117333,  Russia 


Analyzing  morphological  stability  one  assumes  an  infi¬ 
nitely  fast  interface  kinetics  or  stagnant  mother  liquor.  In  this 
work,  both  the  anisotropic  interface  kinetics  and  the  flow 
within  the  boundary  layer  have  been  considered  for  the  first 
dme. 

A  flat  vicinal  face  declined  from  singular  orientation  by  a 
small  angle  arctgp  is  characterized  by  incorporation  surface  (P) 
and  step  (P,t)  kinetic  coefricients,  P  =  P,tp. 

The  vicinal  face  grows  from  a  solution  that  flows  parallel  to 
the  face  and  perpendicular  to  steps  on  it  with  the  velocity 
u(z)=Uo  [l-expf-as  z)].  Here  z  is  the  distance  to  the  face,  -a:'*  is 
the  boimdaiy  layer  thickness,  u,,  is  the  velocity  in  the  solution 
bulk.  The  perturbation  of  the  vicinal  has  the  wavenumber  k. 
The  problem  is:  when  the  vicinal  is  stable  against  the  perturba¬ 
tion?  For  the  profile  u(z)  above,  the  convective  diffusion  equa¬ 
tion  has  analytical  solution  in  Bessel  functions  allowing  to  find 
that  the  vicinal  is  stable  against  perturbations  with 


k  >  ko  =  r  (2/3)/  r  (1/3)]^  p^  (a;uo/D)'^  (1) 

This  is  valid  if  Ug  »  Dk,  D  being  diffusivity  in  solution. 
The  numerical  coefBcient  is  -  2.5.  At  p=10'^  Uo=30  cm/s, 
2e=10  cm'*,  eq.  (1)  gives  2Jt/ko=14  cm.  Cappillarity  provides 
stability  only  if  the  perturbation  wavelength  is  <  2*10'^  cm. 
This  dramatic  stabilization  comes  from  the  drift  of  concentra¬ 
tion  waves  exited  by  growing  face  along  the  flow  if  the  step 
flow  direction  is  opposite  to  the  one  of  the  solution.  If  the 
directions  are  parallel,  the  same  drift  provides  strong  destabili¬ 
zation.  The  effect  typical  of  solution  growth  was  found  expm- 
mentally  [AA.  Qiemov:  Cont.  Phys.  ^1989)251].  In  vapor, 
the  effect  is  possible  at  high  flow  rates.  In  melt,  the  flow  and 
step  velocities  are  comparable  and  further  analysis  is  needed. 


Publication:  AA.  Chernov,  J.  Crystal  Growth  1992,  in  print. 


NONLINEAR  ANALYSIS  IN  RAPID  SOUDIFICATION 
RJ.  Braun 

National  Institute  of  Standards  and  Technology 
GJ.  Merchant 
Stanford  University 
K.  Brattkus 

California  Institute  of  Technology 
SJt.  Davis 

Northwestern  University 


In  the  rapid  directional  solidification  of  a  dilute  binaiy 
alloy,  analysis  reveals  that  in  addition  to  the  Mullins  and 
Sekerka  ceUular  mode  there  is  an  oscillatory  instability.  Coriell 
and  Sekerka  first  analyzed  the  linear  stability  of  the  planar 
melt/solid  interface  with  nonequilibrium  effects  and  found  that 
*.'ie  oscillatory  mode  had  a  nonzero  wavenumber.  For  the 
model  analyzed  by  Merchant  and  Davis,  the  preferred 
wavenumber  is  zero;  the  mode  is  one  of  pulsation.  Restricting 
the  experimental  and  material  parameters  to  be  in  certain 


regimes  allows  nonlinear  analyses  to  be  performed  that 
describe  this  pulsatile  mode.  Nonlinear  equations  govern  the 
position  of  the  interface  to  leading  order,  and  the  resulting 
oscillations  may  produce  high  speeds.  These  oscillations  in  the 
speed  of  the  intoface  may  help  explain  microstructures  in  the 
solid  resulting  from  rapid  solidification  processes  such  as  laser 
surface  remelting.  Extension  of  the  model  to  concentrated 
alloys  may  explain  some  experimental  behavior  not  captured  in 
the  model. 
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THERMAL  EFFECTS  IN  RAPID  DIRECTIONAL  SOUDinC ATION 
DA.  Huntley  and  SH.  Davis 
Northwestern  University 


We  study  the  morphological  instability  of  a  planar  solid/liq¬ 
uid  interface  for  a  unidirectionally-solidified  dilute  binary  mix¬ 
ture.  We  use  a  model  formulation  suggested  by  Boettinger  et 
al.  (1985),  Aziz  (1982)  and  Jackson  et  al.  (1980),  which  allows 
for  nonequilibrium  effects  in  the  interfacial  solute  segregation 
and  the  liquidus  slope  and  takes  into  account  the  effects  of 
attachment  kinetics.  Our  analysis  introduces  the  effects  of 
latent  heat  and  the  full  temperature  distribution  hut  assumes  no 
flow  in  the  system.  The  two  types  of  instabilities  found  are  the 
cellular  instability,  a  slight  modification  of  that  found  by  Mul¬ 
lins  and  Sekerka  (1964),  and  an  oscillatory  instability  related  to 


that  found  by  Coriell  and  Sekerka  (1983)  and  driven  by  dis¬ 
equilibrium  effects  at  the  interface.  We  compare  the  character 
of  these  instabilities  to  those  found  by  Merchant  and  Davis 
(1990),  who  used  the  frozen  temperature  approximation,  and 
find  that  the  addition  of  thermal  effects  slightly  postpones  the 
onset  of  the  cellular  instability  but  dramatically  postpones  the 
onset  of  the  oscillatory  instability.  The  coupling  of  these 
instabilities  may  be  responsible  for  the  appearance  of  banding 
phenomena  in  rapid  solidification.  We  investigate  different 
material  systems  and  compare  experimental  observations  of 
banding  with  our  linear  theory  predictions. 


CELLULAR  SOLIDIFICATION  WITH  ANISOTROPIC  DIFFUSION 
Douglas  A.  Kurtze 

Department  of  Physics,  North  Dakota  State  University 


In  the  simplest  model  of  directional  solidification  -  with  a 
fixed  thermal  gradient  and  no  diffusion  in  the  solid  phase  - 
numerical  calculations  of  steady-state  cells  often  show  that  the 
concentration  field  is  only  weakly  dependent  on  position  trans¬ 
verse  to  the  growth  direction,  fri  order  to  take  advantage  of  this 
fact,  I  consider  directional  solidification  with  anisotronic  diffu¬ 
sion,  with  the  diffusion  coefficient  in  the  transverse  direction 
much  larger  than  that  in  the  growth  direction.  Since  the  trans¬ 
verse  concentration  gradient  is  already  small  in  the  isotropic 
case,  and  increasing  the  transverse  diffusion  coefficient  can 
only  make  it  smaller,  this  change  should  not  affect  the  solutions 


much.  I  report  numerical  calculations  which  test  how  close  the 
solutions  of  the  isotropic  and  anisotropic  models  are.  I  then 
solve  the  anisotropic  problem  perturbadvely,  with  the  ratio  of 
diffusion  coefficients  as  a  small  parameter,  to  reduce  it  to  an 
effective  one-dimensional  diffusion  equation  for  the  concentra¬ 
tion,  coupled  to  equations  for  the  shape  of  the  cell  and  the 
position  of  the  cell  tip.  I  will  discuss  the  implications  of  this 
analytical  calculation  for  the  local  constitutional  supercooling 
conjecture  of  Weeks  and  van  Saarloos,  for  the  stability  of  the 
grooves,  and  for  oscillatory  instabilities  of  the  cell  tips  and  the 
cell-to-dendrite  transition. 
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CRYSTAL  GROWTH  OF  FeBOj  BY  TOP  SEED  SOLUTION  METHOD 
Daiqin  Ni  and  Dezhong  Shen 
Research  Institute  of  Synthetic  Ciystals 
P.O.  Box  733,  Beijing  100018,  P.R.  China 


Ferric  borate,  FeB03(FB)  is  a  crystal  which  has  a  spontane¬ 
ous  ferromagnetic  moment  at  room  temperature  and  is  trans¬ 
parent  well  into  visible  spectrum.  The  ratio  of  the  Faraday 
rotation  to  the  optical  absorption  coefficient  of  FB  at  room 
temperature  is  2S7dB  in  the  green  wavelength.  It  is  the  highest 
value  obtained  in  any  other  materials  at  room  temperature.  This 
crystal  possesses  many  important  potential  applications  for 
microwave  magneto-optical  modulation  of  visible  lasers,  opti¬ 
cal  deflection  and  isolation,  magneto-opdc  display,  and  holo¬ 
gram^' I 

There  are  two  methods  to  grow  FB  costal:  traditional  flux 
growth  and  chemical  v^ur  deposition^^^  However,  none  of 
both  can  be  used  to  grow  single  FB  crystal  in  good  optical 


quality  up  to  now.  This  situadon  seriously  hampers  the  applica- 
don  of  FB  crystal. 

In  order  to  get  good  single  FB  crystal,  we  used  the  top  seed 
soludon  CTSS)  method  to  grow  this  oystal.  This  is  die  first 
time  to  grow  FB  crystal  with  TSS  method  to  our  knowledge. 
The  flux  was  chosen,  the  rado  of  solute  and  solvent  was  stud¬ 
ied.  The  condidons  for  crystal  growth  and  the  results  will  be 
reported. 


fl]  R.  Wolec,  etal.,  J.  Appl.  Phys.  41(3)  (1970)1218. 
[2]  R.  Diehl,  Solid  State  Comm.  17,  (1975)  743. 


CRYSTAL  GROWTH  OF  PbTIOj  BY  A  SELF-FLUX  TECHNIQUE 
BJ^.  Sun,  Y.  Huang  and  DA.  Payne 

Department  of  Materials  Science  and  Engineering,  Materials  Research  Laboratory,  and 
Beckman  Insdtute,  University  of  Illinois  at  Urbana-Champaign,  Urbana,  IL  61801,  USA 


Highly  polar  lead  titanate  (PbTiOs),  a  potendal  ferroelectric 
material  with  a  displacive  phase  transformadon,  is  of  interest 
for  energy  sensing  and  transducing  qtplicadons.  Large  crystals 
(4x4x3 .5  mm^)  were  grown  from  high-temperature  solutions 
using  PbO  as  a  self-flux.  The  optimized  growth  conditions 
were  determined  to  be:  18  mol%  PbO  +  82  mol%  1102  for  the 
starting  composition,  1050-930  *C  as  the  growth  temperature 
range  with  0.4-1 .5  *C  as  the  cooling  rates.  Evaporation  of  PbO 


was  significandy  reduced  by  use  of  a  double-crucible  tech¬ 
nique.  Growth  mechanisms  will  be  discussed  in  tens  of  crystal 
habits  and  surface  morphology,  which  were  investigated  by 
optical  and  scanning  electron  microscopy.  The  grown  crystals 
were  characterized  by  X-ray  diffraction,  chemical  analysis,  dif¬ 
ferential  scanning  calorimetry,  infrared  spectroscopy  aixl  elec¬ 
trical  measurements.  The  results  are  compared  with  those  of 
the  crystals  grown  from  a  KF-flux  system. 
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THE  GROWTH  OF  BARIUM-STRONTIUM  TITANATE  (Ba1.1Sr.TIO3)  SINGLE 
CRYSTALS  BY  THE  FZ  METHOD 
Himnao  Kojima,  Minoru  Watanabe  and  Isao  Tanaka 
Institute  of  Inoiganic  Synthesis,  Faculty  of  Engineering 
Yamanashi  University,  Miyamae  7,  Kofu,  Yamanashi  400,  Japan 


Barium  titanale  (BaTi03)  has  three  polymolphs  of  tetrago¬ 
nal,  cubic  and  hexagonal  phases.  Tetragonal  BallOi  is  known 
as  a  ferroelectric  material,  and  its  single  crystals  are  expected 
of  application  for  the  nonlinear  optical  materials.  However, 
normal  melt  growth  induces  formation  of  the  hexagonal  phase. 
Formation  of  the  hexagonal  phase  is  prevented  by  substitution 
of  Sr  for  part  of  Ba  in  BaTiOi.  In  this  study,  single  crystals  of 
Bai..Srx'n03  were  grown  by  the  floating  zone  methcxi. 

Stoichiometric  amounts  of  BaCOi,  Ti02  and  SrCOi  were 
mixed,  and  calcined  at  lOOO'C  for  10  hours  two  times  repeat¬ 
edly.  The  preheated  powder  was  formed  to  a  cylindrical  shape, 
and  then  used  as  a  feed  rcxl.  The  apparatus  for  crystal  growth 
was  an  infrared  heating  fiimace  with  two  1.3  kW  halogen 
lamps  used  as  the  heat  source.  The  growth  ccmditions  were  die 
growth  rates  of  1.0~2.0  mm/h  and  the  growth  atmosphere  of 
oxygetL 

As  the  analysis  result  of  the  grown  crystals  with  several 
compositions  between  0.3  and  3.0at%Sr,  it  was  found  that 
Bai..Sr.Ti03  melts  congruendy  at  1.3at%Sr.  The  crystal 
growth  of  Bao.9ss^ro.ois'n03  was  performed.  Hg.l  shows  an 


as-grown  crystal  of  Bao.9gsSraois'n03.  The  as-grown  crystal 
was  3  mm  diameter  by  25  mm  long,  transparent  and  light 
yellow.  The  grown  crystals  were  indicated  as  a  tetragonal 
phase  by  XRD.  Furthermore,  it  was  confirmed  that  the  grown 
crystals  transform  reversibly  between  the  tetragonal  and  the 
cubic  phases  at  126*C. 


Figurt  1.  M-grown  boule  ofBaosasSrooisTiOs. 


HYDROTHERMAL  GROWTH  OF  BISMUTH  SHJCATE 
John  J.  Larkin,  Meclde  T.  Harris,  J.  Emery  Cormier,  RH.  Brown  and  AS.  Armington* 
Rome  Laboratory,  Hanscom  AFB,  MA  01731 
*Parke  Mathematical  Laboratory,  Carlisle,  MA  01734 


Bismuth  Silicate  (6SO)  in  the  sillenite  structure  Bi]2Si02o, 
is  a  non-linear  optical  material  which  has  many  applications 
including  four-wave  mixing  and  optical  memories.  As  obtained 
by  melt  growth  methods,  at  approximately  900*C,  it  is  orange- 
brown  in  color  and  exhibits  the  photorefracdve  effect.  Hydro- 
thermal  growth  of  this  material  has  been  accomplished  at  the 
Rome  Laboratory  hydrothermal  facility.  Specimens  cut  from 
crystals  produced  by  this  method  are  colorless,  transparent, 
free  of  inclusions  and  strain  and  thus  might  provide  a  starting 
point  to  engineer  materials  superior  to  commercial  crystals 


produced  by  growth  methods  such  as  Czochralsld  (CZ)  and 
gradient  freeze.  The  hydrothemal  process  may  permit 
"tailoring”  of  the  properties  of  this  material  since  growth  takes 
place  at  a  relatively  low  temperature  and  properties  regarded  as 
intrinsic  in  melt  grown  materials  may  be  the  result  of  a  high 
temperature  defect  absent  at  the  hydtodtermal  processing  tem¬ 
perature  (~4(X)*C).  Growth  conditions  will  be  described  for  this 
material.  Some  electrical  and  optical  cdiaracteristics  and  chemi¬ 
cal  analyses  will  also  be  presented.  Prelimiruuy  results  on 
doped  materials  will  be  described. 
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SOUD-UQUm  INTERFACE  IN  THE  GROWTH  OF  SILLENTTE-TYPE  CRYSTALS 
J Martbiez-Ldpei  and  M A.  Caballero 
Dpto.  Esouctura  y  Propiedades  de  Los  Materiales 
Universidad  de  Cadiz,  IISIO  Pto.  Real,  Cadiz,  Spain 
M.T.  Santos,  L.  Arizemendi  and  E.  Dieguez 
Dpto.  Fisica  Aplicada,  Universidad  Autdnoma,  28049  Madrid,  Spain 


It  is  known  that  the  maintenance  of  a  flat  crystai/melt  inter¬ 
face  during  Czochralski  (CZ)  growth  can  clearly  yield  high 
quality  single  crystals. 

In  this  work  some  sillenite-type  crystals  have  been  grown: 
Bii2SiO20,  Bij2GeO20  and  Bii2’n02o  by  CZ  method  using  a 
control  diameter  system.  Several  growth  parameters  have  been 
studied:  crystal  orientation,  crystal  rotation  rate,  crystal  diame¬ 


ter,  pulling  rate,  veitical/radial  temperature  gradients,  tempera¬ 
ture  fluctuations,  melt  depth,  etc. 

In  order  to  perform  the  core  phenomena,  periodic  bands, 
growth  striations,  bubble  entrapment,  facet  formations  and 
other  variables,  optical  microscopy,  S.EAl.  and  X-ray  diffrac¬ 
tion  topography  analysis  have  been  carried  out. 


MODELLING  OF  DIRECTIONAL  SOUDmCATION  OF  BSO 
C.  Lin  and  S.  Motakef 

Massachusetts  Institute  of  Technology,  Cambridge,  MA02139 


Bismuth  Silicate  (Bi]2Si02o)  possesses  the  cotrunon  char¬ 
acteristics  of  electro-optical  oxides:  high  reactivity  of  the  mol¬ 
ten  phase  with  all  crucible  materials  except  Pt,  low  thermal 
conductivity  in  crystalline  and  molten  phases,  and  semi-trans¬ 
parency  of  the  solid  to  infra-red  radiation.  Thermal  transport 
during  growth  of  this  matrix  in  vertical  Bridgman  configura¬ 
tion  is  numerically  investigated.  Radiative  heat  transfer  is  mod¬ 
elled  by  a  two-band  model  in  the  crystal  (using 
room-temperature  spectral  transmittance  data)  and  is  neglected 
in  the  melt  where  heat  transfer  is  by  buoyancy-induced  convec¬ 
tion.  Heat  transfer  through  the  solid  is  found  to  be  much  larger 


than  that  m  the  melt,  resulting  in  a  growth  interface  sh^ 
concave  into  the  melt  The  high  thermal  conductiviQr  of  the  Pt 
crucible  is  found  to  exert  an  overwhelming  influence  on  the 
planarity  of  growth  interface  morphology  and  the  deviation 
between  growth  and  charge  lowering  rates.  A  multilayered  cru¬ 
cible  structure  consisting  of  a  thin  layer  of  Pt  on  a  ceramic  host 
which  is  externally  covered  by  an  infra-red  absorbing  coating 
is  found  to  result  in  significant  reduction  of  growth  interface 
norqrlanarity  and  an  axial  temperature  profile  in  the  charge 
which  closely  follows  that  of  the  furnace. 


TWINNING  AND  DISLOCATION  IN  THE  BRIDGMAN-GROWN  Li2B407  CRYSTALS 
Sun  Ren-ying,  Fan  Shi-Ji  and  Xu  Yi-bin 
Shanghai  Institute  of  Ceramics,  Chinese  Academy  of  Sciences 
Shanghai  2000SO,  P.R.  China 


The  laminar  twiniung  in  the  Bridgman-grown  Li2B407 
crystals  of  direction  has  been  observed  by  the  etching  method 
for  the  first  tine.  The  laminar  twins  range  along  <100>  and 
<01()>  directions  and  their  interfaces  are  (010)  and  (100)  faces 
respectively.  The  different  etching  rates  and  figures  in  the  rela¬ 
tive  twin  areas  are  demonstrated.  The  nuclei  of  original  laminar 
twins  create  at  the  enlarged  region  between  the  seed  and  grown 
crystal  due  to  the  thermal  partial  stress  of  the  crucible.  The 
secondary  twins  in  grown  crystals  propagate  mainly  from  the 
seed  containing  twins.  The  dislocation,  sub-boundary  and  large 
angle  boundary  in  the  crystal  have  also  been  observed  by  the 


etching  method.  The  square  etch  pits  and  the  deformed  pentag¬ 
onal  etch  pits  have  been  demonstrated  on  the  (001)  and  (110) 
faces  of  the  crystals  respectively.  The  densities  of  dislocations 
and  sub-boundaries  in  the  different  regions  of  tire  crystal  are 
quite  different.  The  high  density  of  etch  pits  of  10^  cm'^ 
appears  in  the  cote  region  and  the  areas  containing  inclusions 
and  growth  cracks  however  the  low  density  of  10^  cm'^  in  the 
perfect  region.  The  dislocations  in  the  grown  crystals  propa¬ 
gate  mainly  from  the  dislocations  in  the  seed  so  that  the  mini¬ 
mum  of  the  density  of  etch  pits  can  be  reached  by  the  selection 
of  Li2B4(>7  seed. 
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CRYSTAL  GROWTH  AND  MAGNETO-STRUCTURAL  CHARACTERISATION  OF 
Zni.,Mii,Cr204  SINGLE  CRYSTALS 
F.  Leccabue,  B.E.  Watts.  G.  Bocelli^,  G.  Catestam\  D.  FioranP'  and  V.  Sagredo^ 
Istituto  Maspec/CNR,  VU  Chiavari  18A,  43100  Parma,  Italia 
‘Centio  di  Stiutniristica  DifErattometiicaA^NR,  Panna  Italia 
^rrSE/CNR,  Area  della  Ricerca  di  Roma,  Roma,  Italia 
^Departmento  de  Fisica,  Universidad  de  Los  Andes,  Merida,  Venezuela 


Magnetic  oxide  spinels  with  the  general  formula  M'1.,1 
M"jCr204  (M'  and  M"  are  divalent  metals)  are  being  exten¬ 
sively  studied  because  of  tlieir  interesting  properties.  The  sys¬ 
tem  Zni.xMnxCr204  seems  particularly  attractive  because  of 
the  coexistence  of  competitive  Cr-Cr,  Cr-Mn  and  Mn-Mn  anti¬ 
ferromagnetic  interactions.  The  pure  compounds  ZnCr204 
(antiferromagnetic,  Ti4=  16  K,  0=  -424  K)  and  MnCr2P4  (non- 
collinear  ferromagnet,  7^=  43  K)  are  normal  spinels  with  the 
chromium  ions  occupying  the  octahedral  sites;  the  substitution 
of  Zn  by  Mn  ions,  by  changing  the  spin  structure  and  the 
resulting  magnetic  interactions,  leads  to  a  magnetic  moment  on 
the  tetrahedral  sites. 

In  this  work  single  crystals  of  Zn].iMnxCr204,  up  to  1x1x1 
mm,  in  the  range  of  compositions  x  =  0  to  1,  have  been  grown 
by  the  chemical  vapour  transport  (CVT)  technique  using  chlo¬ 
rine  as  the  transport  agent  A  thermodynamic  study  of  the 
closed  tube  system  has  been  done  in  order  to  determine  the 
most  favourable  conditions  for  growth.  The  gaseous  species 
taken  into  consideration  were  CI2,  O2,  MnCl2,  CrClj,  CiCtj, 


C1CI4,  Ct02Cl2  and  Cr2Cl4.  In  addition  the  calculations  also 
take  into  account  the  presence  of  MnCl2  liquid,  a  spurious 
species  which  may  modify  the  crystal  perfection  and  stoichi¬ 
ometry. 

Single  crystals  of  different  compositions  were  analyzed  by 
X-ray  difEractometric  methods  using  MoKa  radiation.  All  the 
crystals  examined  showed  a  spinel  structure  (space  groiqr 
FdSm),  with  zinc  which  partially  substitutes  manganese  in  tet¬ 
rahedral  sites.  The  variation  of  the  paramtters  of  the  cells  does 
not  appear  to  be  linear. 

Suscqrtibility  measurements  as  a  function  of  temperature 
from  4  to  300  K  for  the  different  compositions  are  reported. 
The  magnetic  phase  diagram  has  been  determined  as  a  funcdcm 
of  X  and  T:  it  was  observed  that  the  antiferromagnetic  and 
ferromagnetic  states  are  progressively  perturbed  and  then 
destroyed,  leading  to  a  spin-glass  like  state  in  an  intermediate 
composition  range. 


A  GAS  PHASE  SUPPORTED  UQUID  PHASE  SINTERING  PROCESS  APPLIED 
GROWING  BIG  HOMOGENEOUS  EuO  SINGLE  CRYSTALS 
KJ.  Fischer,  U.  Kdbler,  B.  Stroka*.  K.  Bictanann  and  E.  Wenzl 
Forschungszentrum  JOlich,  IFF,  Postfach  1913,  W-S170  JQlich,  Germany 
'"Universitltt  Karlsruhe,  Physikalisches  Institut,  Postfach  6980,  W-7S00  Karlsruhe 


The  methods  of  directional  freezing  from  the  melt  or  flux 
by  lowering  of  the  temperature  which  have  been  used  pre¬ 
viously  for  the  preparation  of  EuO  single  crystals  yield 
inhomogeneous  crystals  [1,2,3]. 

To  minimize  inhomogeneity  of  cm^-sized  crystals  of 
defined  stoicliiometry  a  method  has  been  applied  in  which  the 
growth  takes  place  at  nearly  constant  temperature  with  a  small 
temperature  gradient  over  the  charge  volume.  The  crystal  is  in 
equilibrium  with  a  metal-rich  liquid  (flux,  consisting  of 
BuuxO)  and  a  gas  phase.  Contrary  to  the  common  flux 
method,  however,  where  the  major  fraction  of  the  charge  con¬ 
sists  of  flux  and  the  minor  fraction  of  solid  this  method  applies 
for  solid  to  flux  ratios  of  about  9:1  to  4:1. 

Mostly,  nominal  composition  of  Euj.osoO  has  been  used 
consisting  of  either  EU2P3  powder  plus  Eu  metal  or  pre- 
prqrared  oxygen-rich  inhomogeneous  EuO  pieces  phis  Eu 
metal.  Crystal  growth  runs  have  been  performed  for  1:1  stoi¬ 
chiometry  (at  1780*C),  oxygen-  (1820*)  and  metal-rich 
(1740*C)  material  [1]  in  sealed  molybdenum  ampoules  and 


have  been  studied  by  interruption  at  different  stages  of  the 
growth  process. 

The  growth  features  observed  in  cleaved  pieces  taken  from 
interrupted  tuns  are  substantiaUy  the  same  as  for  liquid  phase 
sintering  [4,5].  For  the  CdS:Te  system  this  growdi  process  has 
been  described  previously  by  the  term  “coalescence  process" 
[6].  Magnetization-and  speciflc  heat-measurements  have  been 
used  to  confirm  homogeneity.  The  structural  perfection  of  the 
crystals  has  been  studied  by  y-ray  diffractometrie  and  shows 
low  angle  grain  boundaries. 


[1] M.W.  Shafer,  J.B.  Terrance,  T.  Peruiey,  /.  Phys.  Chem. 
Solids  1972,  Vbl.  33. 2251-2266. 

[2] T3.  Reed,  R.E.  Fahey.  J.  Crystal  Growth  8,1971, 337-340. 

[3] K.G.  Barraclough,  G.  Garton,  PJ.  Walker,  J.  Crystal 
Growth  35. 1976,321-322. 

[4] WJ.  Huppmann,  G.  Petzow,  Elementary  Medumisms  of 
Liquid  Phase  Sintering  in  Materials  Science  Research  Vol. 
13, 1980,  Plenum  Press. 

[5]  R,M.  German,  Liquid  Phase  Sintering,  Plenum  Press  1985. 

[6]  RM.  Mikulyak,  J.  Crystal  Growth  8, 1971, 149-152. 


GROWTH  OFTtOj  RIBBON  SINGLE  CRYSTALS  BY  EDGE-DEFINED 
nLM-FED  GROWTH  METHOD 
Hiroshi  Machida*.  Keigo  Hoshikawa  and  Tsuguo  Fukuda 
Institute  for  Materials  Research,  Tohoku  University,  Sendai,  980,  Japan 


Rutile  (IIO2)  crystals  have  attracted  much  attention 
because  of  their  applications  as  polarizers  and  in  other  optical 
devices.  The  crystals  have  been  grown  only  by  the  Vemeuil 
and  floating  zone  methods.  Their  crystal  qualities  have  been 
reported^^  to  be  usually  degraded  by  the  small-angle  grain 
boundary  produced  as  a  result  of  high  temperature  gradient 
growth.  Moreover,  in  these  methods  the  growth  direction  is 
restricted  to  the  z-axis  due  10  the  thermal  conductivity  in  that 
direction  being  much  greater  than  in  the  others.  The  attempt 
has  been  made  U>  growth  1102  single  crystals  by  the 
Czochralski  method^\  since  this  permits  low  temperature  gra¬ 
dient  growth,  but  it  have  been  unsuccessful  due  to  the  great 
difficulties  encountered  with  diameter  control.  We  have  inves¬ 
tigated  TIO2  single  crystal  growth  by  the  edge-defined,  film- 
fed  growth  (EFG)  method,  which  could  potentially  permit 
control  of  the  crystal  shape  by  use  of  the  die  and  could  create  a 
wide  range  of  temperature  gradient  near  the  growth  interface. 
The  EFG  method  has  already  applied  to  AI2O3  ribbons  and 
other  crystals.  However,  the  growth  of  Ti02  by  the  EFG 
method  has  not  yet  been  reported. 


A  typical  EFG  ribbon  crystal  grown  under  conditions  sim¬ 
ilar  to  the  AI2P3  ribbon  crystal  is  shown  in  Fig.  1(a).  The 
characteristics  of  this  crystal  were  that  the  cross-sectional 
shape  easily  became  unstable  and  that  the  ribbon  width  and 
thickness  changed  periodically.  As  a  result  of  theoretical  and 
experimental  studies  on  these  instabilities,  it  proved  possible  to 
grow  well-formed  ribbon  crystals  under  the  modified  growth 
conditions  [see  Fig.  1(b)].  It  was  confirmed  that  no  small-angle 
grain  boundaries  existed  in  these  crystals.  The  growth  condi¬ 
tions  and  characteristics  of  T1O2  ribbon  crystals  will  be  shown 
and  discussed. 


1)  M.  Higuchi  et  al.,  J.  Crystal  Growth  112(1991)354. 

2)  H.  Machida  and  T.  Fukuda,  J.  Crystal  Growth 
112(1991)835. 

Present  address:  Fine  Ceramics  R&D  Division,  Chichibu 
Cement  Co.  Ltd.,  Mikajiri,  Kumagaya,  360,  J^an. 
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Figure  1.  TiOi  ribbon  single  crystals  grown  under  standard  conditions  (a)  and  modified  conditions  (b). 


THE  GROWTH  OF  DOME-SHAPED  SAPPHIRE  CRYSTALS  BY  THE  GSM 
A.  Horowitz,  S.  Biderman,  D.  Gazit,  Y.  Einav,  G.  Ben  Amor  and  M.  Weiss 
Crystal  Growth  Division,  Nuclear  Research  Center-Negev 
P.O.  Box  9001,  Beer  Sheva  84190,  Israel 


The  excellent  optical  and  mechanical  properties  of  sapphire 
make  it  the  prefened  choice  for  IR  domes,  necessary  as  an 
external  window  of  missiles  operating  in  the  3-5  pm  optical 
region.  However,  the  inherent  advantage  of  extreme  hardness, 
makes  the  fabrication  of  such  domes  from  single  crystal  boules 
difficult,  time  consuming  and  expensive. 

In  our  laboratory,  near-net-shaped  sapfdtire  domes  have 
been  grown  for  many  years,  in  a  variety  of  size  (up  to  6  inches 
in  diameter),  shapes  (hemispherical  and  others)  and  orienta¬ 
tions  (including  the  c-axis  orientation).  The  domes  are  grown 
in  double  wall  molybdenum  crucibles  by  the  Gradient  Solidifi¬ 


cation  Method.  For  each  dome  geometry,  size  and  orientation, 
a  special  furnace  and  growth  course  are  designed.  This  is  nec¬ 
essary,  in  view  of  the  non-linearity  of  the  temperature  gradient, 
surface  energy  effects  that  arise  in  large-diameter  crystals  and 
the  very  high  temperature  involved.  By  optinuzing  the  growth 
condition  it  is  jmssible  to  achieve  premium  grade  domes,  free 
of  grain-boundaries,  scattering  centers  and  stresses. 

The  paper  will  describe  the  principles  of  this  growth  tech¬ 
nique,  demonstrate  its  advantages  and  some  of  the  difficulties 
overcome. 
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HYDROTHERMAL  SYNTHESIS  AND  MORmOLOGY  OF  LI2B4O7  CRYSTALS 
K.  Byrappa  and  K.VJC.  Shekar 
The  Mineralogical  Institute,  Univereity  of  Mysore 
Manasagangotri.  Mysoie-S70  006,  India 


Lithium  tetraborate  (1^28407)  is  becoming  a  substitute  for 
the  traditional  a-quartz  in  the  recent  years,  because  of  its  excel¬ 
lent  piezoelectric  and  non-ferroelectric  properties  which  are 
highly  attractive  for  Surface  Acoustic  Wave  (SAW)  and  Bulk 
Acoustic  Wave  (BAW)  devices  with  a  low  temperature  coefil- 
cient  of  delay  and  higher  electromechanical  coupling  con¬ 
stants.  Several  methods  have  been  successfully  enqiloyed  in 
growing  single  crystab  of  lithium  tetraborates.  In  this  work  the 
hydrothermal  synthesis  of  1^28407  crystals  is  repotted  for  the 
first  time.  The  crystallization  was  carried  out  through  spontane¬ 
ous  nucleadon  by  adopting  some  effective  measures  in  order  to 
control  the  nucleation  centres.  The  crystals  obtained  were 


highly  transparent  and  vary  in  size  from  1mm  to  12mm.  In 
general  the  moiphology  of  the  hydrothetmally  grown  li2B407 
is  very  interesting  and  varies  widely  dqiending  upon  the  exper¬ 
imental  conditions,  particularly  the  starting  materials  and  per¬ 
cent  fill.  The  morphology  varies  fiom  polycrystalline  form  to  a 
single  crystal  form  as  the  molarity  of  the  solvent  and  internal 
pressure  change.  A  detail  morphological  stutfy  including  die 
surface  morphology  has  been  discussed  in  the  present  wodt. 
The  main  thrust  of  this  paper  is  the  suitability  of  the  hydrother¬ 
mal  technique  to  overcome  some  of  the  problems  being  faced 
in  the  Czochralsld  and  Bridgman  techniques,  and  the  morpho- 
logical  variation  with  reference  to  the  growth  parameters. 
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GROWTH  OF  GaN  AND  AlGaN  BY  MOVPE  FOR  UV/BLUE  P-N  JUNCTION  DIODES 
I.  Akasaki,  H.  Anuuto  and  H.  Murakami 
Nagoya  University.  Department  of  Electronics 
Fuio-cho,  Chikusa-ku,  Nagoya  464-01,  J^an 


Recent  progress  of  the  technique  and  understanding  of  the 
mechanism  of  the  heteroepitaxial  growth  on  highly  mis¬ 
matched  substrate  (HGHMS)  have  developed  a  new  field  in  the 
semiconductor  physics  and  devices.  Growth  of  GaN  and 
AlGaN  on  sapphire  using  buffer  layer  is  the  typical  example  of 
such  a  newly  developed  HGHMS.  In  spite  of  the  large  lattice 
and  thermal  mismatches  between  GaN  and  sapphire,  high  qual¬ 
ity  AljGai.,N(0ix<0.4)  can  be  grown  on  sapf^e  (0001)  or 
(1120)  substrate  using  thin  AIN  buffer  layer  deposited  at  low 
temperature.  TEM  observation  revealed  that  even  though  many 
dislocations  exist  in  the  AIN  buffer  layer  and  near  the  interface 
between  GaN  epitaxial  film  and  the  buffer  layer,  most  of  them 
are  terminated  at  the  irutial  stage  of  the  growth  of  GaN.  Undo¬ 
ped  GaN  films  show  high  resistivity,  indicating  that  our  CaN 
films  are  very  pure  and  nearly  intrinsic.  PL  spectra  of  these 
films  show  strong  band  edge  emission,  and  very  weak  deep 
level  related  emission,  indicating  that  the  concentration  of 
impurity  and/or  point  defect  is  very  few  in  the  GaN  film. 
Stimulated  emission  fi’om  highly  excited  imdoped  GaN  film 
grown  in  this  way  has  been  clearly  observed  at  RT  for  the  first 


time.  As  concerns  the  conductivity  control,  electron  concentra¬ 
tion  can  be  controlled  linearly  by  doping  of  Si  using  SiH4  in 
both  cases  of  GaN  and  AlGaN.  GaN  doped  with  acceptor 
impurity  such  as  2[n  or  Mg  usually  shows  high  resistivity.  In 
1989,  we  succeeded  for  the  first  time  to  prquire  Mg-doped 
GaN  film  having  distinct  p-type  conductivity  the  low 
energy  electron  beam  irradiation  (LEEBI).  High  power 
UV/blue  p-n  junction  LED  have  been  fabricated  using  n-type 
GaN:Si  and  LEEBI  treated  p-type  GaN:Mg.  These  LEDs  emit 
blue  emission  peaking  at  about  420nm  and  UV  enussion  peak¬ 
ing  at  about  37Smn.  The  output  power  of  our  LED  is  more  than 
O.lmW,  and  the  external  quantum  efficiency  is  more  than  OJ.% 
at  the  DC-forward  current  of  30mA,  which  are  the  highest 
value  to  date.  Recently,  GaN/AlGaN  multiheterostructure 
showing  quantum  size  effect  has  been  achieved.  All  these 
results  are  ptotTusing  for  the  realization  of  UV/blue  laser  diode 
which  can  operate  at  RT.  DH  devices  using  AlGaN  as  the 
cladding  layer  also  shows  high  power.  The  performance  of 
these  DH  devices  will  be  presented  in  detail. 


MORPHOLOGICAL  PROPERTIES  OF  CVD  AIN  FILMS 
R.  Rodriguez-Clemente*.  B.  Asparf,  N.  Azemat  and  B.  Armas**, 
C.  Combescuref,  J.  Durandt  and  A.  Figueras* 

*Institut  de  Ciencia  de  Materials  de  Barcelona,  CSIC, 
Campus  UAJB.,  08193  Cerdanyola,  Spain 
tISG.MP-CNRS,  66120  Odeillo,  France 
tLaboratoire  de  Physicochimie  des  Maleriaux,  ENSC-CNRS, 

8,  rue  de  I'Ecole  Normale,  34053  Monqiellier,  France 


Aluminum  nitride  is  a  matoial  with  applications  in  piezo¬ 
electric  devices,  gas-turbine  blades,  surface  acoustic-wave  sub¬ 
strates.  and  several  other.  Its  high  mechanical  strength,  high 
melting  point,  good  resistance  to  oxidation  and  good  thermal 
conductivity,  make  this  material  suitable  for  coating  in  com¬ 
posites  employed  in  aerospatial  qrplications  and  environments 
with  extreme  thermal,  chemical  and  physical  conditions. 

AIN  films  deposited  on  silicon  and  graphite  have  been  pto- 
(hiced  by  PEMOCVD  (Plasma  Enhanced  Metal-Organic 
Chetrucal  Vapour  Deposition)  and  LPMOCVD  (Low  Pressure 
Metal  Orgaruc  Chemical  Vapour  Deposition)  respectively.  The 
crystal  size  increases  with  the  increase  in  temperature  for 
LPMOCVD.  In  the  case  of  PEMOCVD,  the  crystal  size 
increases  with  decreasing  excitation  frequency  (varying  in  the 
range  13.56  MHz  to  35  mHz).  The  rate  of  deposition  also 


increases  with  decreasing  excitation  frequency.  It  seem  as  if  the 
surface  processes  such  as  growth  site  creation,  surface  diffu¬ 
sion,  bv-products  desorption,  etc,  where  favored  by  low  excita¬ 
tion  fiequeiKies,  which  give  the  ions  energies  similar  to  those 
existing  in  the  crystal  lattice.  In  both  systems,  the  rate  of  depo¬ 
sition  depends  on  the  partial  pressure  of  the  organometallic 
reactants.  The  hydrogen  liberated  during  the  pyrolysis  process 
has  an  strong  morphological  infiueiKe.  The  thickening  of  the 
layers  leads  to  preferential  orientations,  resulting  finm  the  spe¬ 
cific  kinetic  of  growth  of  different  crystal  faces  and  their  inter¬ 
action  with  the  hydrogen.  It  has  been  observed  that  a  high 
concentration  of  hydrogen  in  the  racting  systems  leads  to  the 
blockage  of  the  (0001)  face  and  the  growth  of  the  faces  parallel 
to  the  [0001]  axis  leading  to  lamellar  crystals.  In  this  paper,  a 
model  is  proposed  to  explain  the  morphologies  obtained  with 
these  two  method  of  synthesis. 
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SIC-AIN  SOLID  SOLUTION  GROWTH  BY  METALORGANIC 
CHEMICAL  VAPOR  DEPOSITION 
VA.  Dmitriev*,  K.G.  Irvine,  I.  Jenkins,  X.  Tang  and  M.G.  Spencer 
Materials  Science  Research  Center  of  Excellence 
School  of  Engineering,  Ilur^’ard  University 
Washington,  DC,  USA 

*and  A.F.  Ioffe  Institute,  St.  Petereburg,  USSR 


We  rqwrt  the  first  epitaxial  growth  of  (SiC)x-<AlN)i.x  solid 
solution  by  MOCVD.  This  solid  solution  has  an  electronic 
bandgiq)  in  the  range  3  eV  to  6  eV.  At  high  values  of  x,  the 
bandgi^  undergoes  a  transition  from  indirect  to  direct^  The 
solid  solution  of  (SiC)x-(AlN)i.x  has  a  lattice  constant  that 
varies  between  3.081  A  (the  values  for  6H  SiC)  and  3.114A(the 
value  for  2H  AIN),  the  maximum  mismatch  in  this  system  is 
about  0.5  percent  Because  of  the  excellent  lattice  match  and 
the  possibility  of  direct  gap  material,  this  system  looks  attrac¬ 
tive  for  ultraviolet  optoelectronic  devices  and  for  wide 
bandgq)  heterojunction  devices. 

(SIC)x-(AlN)i.x  layers  composition  and  crystalline  quality 
have  been  investigated  as  a  function  of  growth  conditions.  At 
optimum  growth  conditions,  single  crystalline  layers  up  to  5 
microns  have  been  grown  on  (100)  Si  substrates  and  (0001)  6H 
SiC  substrates.  Growth  of  (SiC)x-(AlN){.x  was  accmnplished 


using  the  hydrogen,  silane,  propane,  ammonia,  and 
trimethylahiminum  system.  Depositions  were  carried  out  in  a 
stainless  steel  vertical  reactor  at  reduced  pressures.  The  growth 
temperature  was  varied  between  llOO'C  and  1400*C.  The 
dqroidence  of  the  layer  morphology  and  growth  rate  on  tem¬ 
perature  and  gas  flow  will  be  presented. 

It  has  been  shown  in  other  growfii  systems,  that  the  poly¬ 
type  structure  for  solid  solutions  of  (SiC)x-(AlN)i.x  depends  on 
concentration  of  AIN.  We  will  discuss  the  dqtendance  of  the 
solid  solution  poly^pe  on  growdi  conditions. 


1.  Nurmagamedov,  SA.  et  aL  Sov.  Phys.  Semicon.,  22(1), 
1989. 

This  woric  has  been  supported  by  the  National  Science 
Foundation  and  the  Office  of  Naval  Research. 


GROWTH  OF  LARGE  SiC  SINGLE  CRYSTALS 
DL.  Barrett,  R.G.  Seidensticker,  JP.  McHugh,  HM.  Hobgood  and  RJi.  Hopkins 
Westinghouse  Science  and  Technology  Center 
1310  Beulah  Road,  Pittsburgh,  PA  1S23S,  USA 
WJ.Choyke 

Department  of  Physics,  University  of  Pittsburgh 
Pittsburgh,  PA  15260,  USA 


Silicon  carbide  is  the  semiconducting  material  of  choice  for 
high  power  microwave,  high  temperature,  and  radiation  hard 
applications  due  to  its  large  bandgqi,  high  dielectric  strength, 
large  saturated  drift  velocity  and  high  thermal  conductivity. 
The  large  bandgap  (2.86  eV  for  6H  polytype  SiC,  compared 
with  1.1  eV  for  Si  and  1.4  eV  for  GaAs)  results  in  semicon¬ 
ducting  devices  which  will  operate  at  a  higher  temperature 
(650*C  has  been  demonstrated)  than  Si  or  GaAs  devices,  and 
which  exhibit  improved  radiation  resistance.  SiC  exhibits  a 
critical  electric-field  breakdown  stroigth  10  times  that  of  Si,  a 
high-field  electron  velocity  equal  to  that  of  GaAs,  and  a  ther¬ 
mal  conductivity  near  that  of  copper;  qualities  which  will 
enable  microwave  transistors  with  up  to  lOX  the  power  density 
of  today’s  Si  devices  to  be  fabricated. 

Recent  advances  in  crystal  growth  technology  to  prqrare 
single  crystal,  single  polytype  crystals  of  SiC,  and  the  promise 
of  silicon-like  wafer  processing,  heralds  anew  age  in  the  fabri¬ 
cation  of  practical  devices  using  SiC.  We  have  grown  U-inch 
diameter  single  crystal  boules  of  6H  polytype  SiC  up  to  3 


inches  in  length  using  a  sublimation-source  physical  yapar 
transport  (PVT)  tedmique.  The  SiC  sublimation-source  sup¬ 
plies  vapor  for  transport  and  growth  cmto  6H  poly^pe  single 
crystal  seeds.  Undoped  crystals  were  grown  using  SiC  Lely- 
grown  platelets  as  die  source  material  after  pre-purification  by 
vapor  transport,  while  N^  crystals  were  grown  using  a  partial 
nitrogen  atmosphere.  A1  is  used  to  provide  p-type  doping.  Waf¬ 
ers  were  prepared  for  subsequent  epitaxial  layer  growth  and 
device  fabrication  by  slicing  the  boules  widi  an  ID-diamond 
saw,  and  polishing  using  diamond  grit  lapping  and  polishing. 

We  have  designed  our  ^stem  for  high  purity  growdi  by 
using  a  water-cooled  quartz-wall  system  and  an  induction 
heated  arrangemenL  Pre-purified  graphite  materials  was  used 
in  hot-zone  construction  to  provide  a  vacuum  in  the  mid  10*^ 
ton  at  2000*C  after  degassing  at  higher  tenqreratutes.  Vacuum- 
tight  integrity  of  the  system,  and  a  high  temperature  degassing 
step  was  important  in  reducing  the  nitrogen  donor  concentra¬ 
tion  and  achievement  of  high  purity  SiC  material.  Growth  and 
characterizruion  of  tiie  crystals  will  be  described. 
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BLUE  PHOTOLUMINESCENCE  AT  ROOM  TEMPERATURE  IN 
Zn-DOPED  SINGLE  CRYSTALS  OFCuAlSj 
Igor  Aksenov  and  KatsuaJd  Sato 

Faculty  of  Technology,  Tokyo  University  of  Agriculture  and  Technology 
Koganei,  Tokyo  184,  Japan 


We  have  succeeded  for  the  first  time  in  observing  a  very 
bnght  blue  and  green  photoluminescence  (PL)  &om  CUAIS2 
crystals,  grown  by  chemical  vapor  transport  and  subsequently 
doped  with  Zn. 

Single  crystals  of  undoped  technique  in  a  closed  system 
using  iodine  as  a  transporting  agent.  The  starting  materials 
employed  were  the  powders  of  CUAIS2  prqrared  by  the  direct 
melting  of  constituent  elements  in  a  pBN  crucibles  held  in  a 
sealed  silica  ampoule.  The  maximum  temperature  used  was 
1300*C. 

Zn-doping  has  been  carried  out  for  30  h  at  different  temper¬ 
atures  in  the  range  700-900"C  in  evacuated  silica  ampoules, 
containing  the  as-grown  crystals  and  Zn,  as  well  as  sulphur  or  a 
powder  of  the  CUAIS2  compound.  PL  was  excited  by  the 
32Siun-line  of  a  He-Cd  laser  (SO  mW),  with  the  samples  being 
put  into  an  Oxford  Instruments  continuous  flow  cryostat 

The  typical  PL  spectrum  of  undoped  CUAIS2  exhibits  a 
series  of  sharp  lines  at  346nm-337nm,  caused  by  free-  and 
bound-exciton  recombination,  intense  purple  DA-emission 
band  at  410nm,  as  well  as  a  broad  orange  band,  originated  from 
the  DA  pair  recombination,  involving  deep  centers.  Usually, 
the  orange  band  dominates  the  spectrum,  and  the  resulting 
colour  of  emission  is  orange. 

The  spectra  of  the  crystals,  aimealed  at  700*C  in  the  pres¬ 
ence  of  Zn  and  sulphur  with  the  vapour  pressure  of  about  5  atm 
exhibit  three  new  bands  V,  B,  and  G2  at  380mn,  445mn,  and 
S20nm,  respectively,  which  were  not  observed  in  the  as-grown 


crystals.  The  thermal  quenching  curves  for  the  strongest  V- 
band  reveal  the  existence  of  two  energy  levels  with  the  activa¬ 
tion  energies  of  SO  meV  and  180  meV,  involved  in  this 
emission.  Hetrce,  the  violet  emissim  is  supposed  to  be  caused 
by  DA-recombination. 

The  annealing  of  the  crystals  in  the  presence  of  Zn  plus 
CUAIS2  powder  being  added  into  the  ampoule  gready  strength¬ 
ens  the  green  emission  band  G2  and  gives  rise  to  Gi-emission 
band,  peaked  at  480Tun.  The  resulting  green-coloured  emission 
from  the  crystals  is  very  bright  even  at  room  temperature  and  is 
observable  up  to  T  =  250*C. 

Rising  of  the  annealing  temperature  up  to  900‘C  causes 
drastic  changes  in  the  PL  spectra,  the  lununescence  in  this  case 
being  donunated  by  a  very  strong  B-emission,  which  is 
believed  to  be  also  originating  &om  DA  pair  recombination, 
including  deep  levels,  formed  in  the  band  gap  of  the  CUAIS2  by 
Zn-related  defects.  The  resulting  blue  emission  is  very  bright 
and,  like  in  the  case  of  the  green  emission,  is  observed  up  to 
T  =  250'C. 

Since  Zn-doped  CUAIS2  crystals  exhibit  low  resistivity  val¬ 
ues  of  about  1  ncm,  and  since  tue  lattice  mismatch  between  the 
CUAIS2  and  ZnS  compounds  is  quite  small  (1.3%),  the  PL 
results  obtained  point  out  that  the  CUAIS2  compound  can  be 
regarded  as  a  perspective  materials  for  the  fabrication  of 
homojunction  or  CuAlS2/ZnS-hetetojunction  blue  and  green 
light  emitting  device. 
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FLOATING  ZONE  GROWTH  OF  MONOCH  GRADE  CRYSTALS  OF  YB^ 
Yutaka  Kamimura,  Takaho  Tanaka,  ShigeJd  Otani  and  Yoshio  IMzawa 
National  Institute  for  Research  in  Inorganic  Materials,  Tsukuba,  Jt^ran 
ZcfiaU.Rek 

Stanford  Synchrotron  Radiation  Laboratory,  Stanford,  USA 
Joe  Wong 

Lawrence  Livermore  National  Laboratory,  Livemcre,  USA 


YB£5,  cubic  with  a  cell  parameter  of 23.44A,  is  suitable  as  a 
soft  X-ray  (l-2keV)  monochromator  for  dispersing  synchro¬ 
tron  radiation^^^  as  a  result  of  its  large  d-spacing  (S.SdA)  of  the 
(400)  reflection  and  it  having  no  intrinsic  absorption  due  to  its 
constituent  elements  in  that  energy  range.  For  this  purpose,  we 
are  investigating  growth  methods  of  obtaining  the  monochro¬ 
mator  grade  crystals.  The  YB«6  crystals  have  been  grown  by  an 
indirectly  heating  floating  zone  (IHFZ)  method  previously 
reported  .  where  the  molten  zone  is  heated  by  radiation  bom 
an  inductively  heated  tungsten  ring. 

To  achieve  high  perfection  in  the  YB55  crystaL  there  are 
two  key  factors.  One  is  the  growth  conditions;  the  temperature 
of  the  molten  zone,  the  direction  of  drive,  the  rates  of  growth 
and  rotation,  and  the  atmosphere.  These  conditions  have  a 
great  influence  on  the  shape  of  the  molten  zone.  A  convex 
shape  of  the  growth  interface  is  important  for  growing  high 
quality  crystals  and  has  been  achieved  by  keeping  low  heating 
power  and  downwards  drive. 

The  other  is  the  chemical  composition  of  the  YB66  feed  rod 
and  the  molten  zone.  We  have  been  successful  in  growing 
several  monochromator  grade  crystals  with  congruent  compo¬ 
sition  of  [Bl/(Yls62,  while  recent  preliminary  experimeius 
suggest  that  the  same  grade  crystal  of  YB^  is  able  to  be  grown 
even  with  incongruent  composition. 

An  example  of  soft-Xray  rocking  curve  of  the  highest  qual¬ 
ity  crystals  of  YBgg  shown  in  Fig.  1,  indicating  this  crystal  is 
suitable  for  monochromator  use. 


59.95  60.15  60.35 

.ANGLE  (DEG) 

Figure  1.  Soft  X-ray  rocking  curve  of  YB66  measured  at  125  keV 
(mgka).  FWHM  is  about  110  arc  sec. 

(1) J.  Wong,  G.  Shimkaveg,  W.  Goldstein,  M.  Eckart,  T. 
Tanaka.  Z.U.  Rek  and  H.  Tompkins,  Nucl.  Instrum. 
Methods  Phys.  Res.  A291  (1990)  243. 

(2) T.  Tanaka,  S.  Otarti  and  Y.  Ishizawa,  J.  Crystal  Growth  99 
(1990)994. 
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PREPARATION  OF  BOUNDARY-FREE  LAB*  SINGLE  CRYSTALS  BY  THE 
TRAVELING  SOLVENT  FLOATING  ZONE  METHOD 
Shigeki  Otam,  Shigaru  Honma,  Takaho  Tanaka  and  Yoshio  Ishuawa 
National  Institute  for  Research  in  Inorganic  Materials 
1-1 ,  Namiki,  Tsukuba,  Ibaraki  30S,  Japan 


LaBg  single  crystals  are  widely  used  as  thermionic  electron 
emitters  of  high  brightness  and  longevity.  The  crystals  are 
mainly  prepared  by  the  floating  zone  method  because  of  high 
purity  and  large  size.  However,  the  crystals  contain  many  sub¬ 
grain  boundaries,  and  accordingly  the  emitters  must  be  made 
from  only  boundary-free  parts  in  the  crystal. 

bi  this  presentation,  boundary-free  LaBg  crystals  were  pre¬ 
pared  by  the  traveling  solvent  floating  zone  method,  that  is,  by 
decreasing  the  growth  temperature,  as  shown  in  Fig.  1.  A  feed 
sintered  rod  was  set  to  the  upper  shaft  in  the  furnace.  A  <100> 


seed  crystal  was  set  to  the  lower  shaft  A  Lanthanum  metal 
lump  was  put  on  the  seed  crystal  to  control  composition  of  an 
initial  molten  zone.  In  several  atmospheres  of  argon,  the  mol¬ 
ten  zone  was  passed  along  the  feed  rod  at  a  rate  of  0.5  cm/h. 
During  the  zone  pass,  evaporation  did  not  change  the  zone 
composition.  The  boundary-free  crystals  were  obtained  whoi 
the  growth  temperature  was  lower  than  2400*C,  300*C  lower 
than  the  melting  poirU  of  LaB^.  The  grown  crystals  were  5  on 
long  and  about  0.9  cm  in  diameter.  In  addition,  the  influence  of 
the  growth  conditions  on  the  crystal  quality  was  examined. 


B/Lq  atom  ratio 


Figure  1 .  Preparation  ofLoBe  crystals  by  the  traveling  solvent  floating  zone  method. 


USE  OF  THE  BRIDGMAN  METHOD  FOR  GROWTH  OF  PERTTECTIC  COMPOUNDS 
Thierry  Caillat*,  Jean-Pierre  Fleurial  and  Alex  Borshchevsky 
Jet  Propulsion  Laboratory** 

California  Institute  of  Technology,  Pasadena,  California,  USA 


Crystal  growth  of  peritectic  compounds  from  solutions 
requires  excellent  control  over  the  processing  conditions.  A 
high  temperature  two-zone  Bridgman  furnace  was  designed 
and  built  to  obtain  a  temperature  gradient  of  about  40Vcm  and 
achieve  growth  rates  as  low  as  1  mm/day.  Single  crystals  of  the 
pteritecdc  compoimd  CriiGei9  were  grown  in  this  furnace.  The 
crystals  were  investigated  by  optical  microscope,  micioprobe 


analysis  and  X-ray  di&actometry.  Density  and  some  electrical 
properties  were  measured  and  are  rqxuled. 


*This  work  was  done  while  the  author  held  a  National 
Research  Coimcil-Jet  Propulsion  Laboratory  Research 
Associateship. 

**CatTied  out  under  contract  with  the  National  Aeronautics 
and  Space  Administration. 
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ELEKTRODEPOSmON  OF  MOLYBDENUM  ONTO  THE  BENT  SINGLE  CRYSTAL 
MOLYBDENUM  SUBSTRATES  FROM  MOLTEN  SALTS 
N.O.  Esina,  AH.  BaraboshJdn,  V.O.  Esin,  ZJ.  Vales, 

LM.  Minchenko,  AA.  Pankratov  and  DM.  Tagirova 
Institute  of  Elecoocheinistry,  Ekaterinburg,  620219,  USSR 


It  has  been  established  that  during  the  transition  from  die 
autoepitaxial  single  crystal  growth  of  molybdenum  to  the  poly- 
crystalline  one  with  the  axial  growth  texture  the  gradually 
incline  of  the  growing  single  crystal  to  the  direction  of  die 
texture  axis  occurs  [1], 

This  work  shows  the  principal  possibility  of  the  receipt  of 
the  monocrystalline  molybdenum  layers  at  the  bent  single  crys¬ 
tal  molybdenum  substrates  of  the  different  orientations. 

The  plate-like  (Sxl0x0.15mm)  .'nonocrystaUine  molybde¬ 
num  substrates  with  <110>,  <100>,  <112>  and  <111>  orienta¬ 
tions  were  bent  with  the  radius  of  curvature  R=20mm. 

The  electrodeposition  was  carried  out  from  the  molten  salts 
KCl-NaCl-MoCl3  at  temperature  800-830‘C,  at  the  conditions 
when  the  layers  with  (111)  axial  growth  texture  on  the nonori- 
ented  substrates  have  been  formed.  The  thickness  of  the  depos¬ 
its  was  from  SO  to  300^m. 


It  was  found  X-ny  and  metallogrqihic  methods  that 
these  dqmsits  were  the  monocrystalline  ones.  The  morplKilogy 
of  the  growing  bent  surface  corresponded  to  die  morphology  of 
die  growing  straight  surface  at  the  same  condition. 

It  is  interesting  that  the  sizes  of  the  pits  (pyramids)  of 
growth  at  the  ccmcave  surface  were  two  times  as  large  than  at 
the  convex  growing  surface.  The  thickness  of  the  dqmsit  on 
the  concave  surface  is  the  same  m  the  convex  one.  Besides, 
due  to  the  X-ray  topogrqihy  data  we  can  propose  that  the 
self-organization  and  die  self-perfection  of  die  growth  bent 
crystal  structure  take  place. 

[1]  A.N.  Baraboshkin,  N.O.  Esina.  30th  Meeting,  International 
Society  of  Electrochemistry.  Extended  Abstracts, 
Yugoslavia,  1981.  V.l,  349-352p. 
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TOWARDS  AN  UNDERSTANDING  OF  THE  PRECRYSTALUZATION  AND  EARLY 
STAGES  OF  CRYSTAL  GROWTH  OF  BIOLOGICAL  MACROMOLECULES 
The  influence  of  macranoiecuhir  homogeneity 

Richard  Giege*,  Bernard  Lorbei^,  Mohammed  Skourt‘.  Jean-Pierre  Muttc}}^  and  Sauveur  Candai^ 

*Iiistitut  de  Biologie  Molecuiaiie  et  Cellulaiie  du  CNRS, 

IS  Ne  Rend  Descartes,  F-67084  Strasbourg  Cedex,  France 
'T^boratoire  d’UItrasons  et  de  Dynamique  des  Fluides  Complexes, 

URA  851  du  CNRS,  Universite  Louis  Pasteur,  4  rue  Blaise  Pascal, 

F-67070  Sirasoourg  Cedex,  France 

Biological  macromolecules  are  always  difficult  to  obtain  in  solubility,  aggregation  under  jireciystaUization  conditions  in 
a  highly  pure  and  homogeneous  state  as  would  be  required  for  under-  or  supersaturated  solutions  before  appearance  of  macro- 
optimal  crystallization  experiments  (1).  Since  contaminants  are  scopic  crystals,  and  on  crystal  number,  size  and  habit  Implica- 
known  to  affect  nucleation  and  ciystallizadon  of  small  mole-  dons  for  rqtroducibility  of  protein  crystal  growth  experiments 
cules  as  well  as  of  macromolecules  (e.g.  1-4),  we  have  invesd-  will  be  emphasized, 
gated  the  effect  of  trace  amounts  of  macromolecular  impurities  _ 

on  the  nucleation  and  crystal  growth  of  a  model  protein,  hen  (1)R.  Giege,  A.C.  Dock,  D.  Kem,  B.  Lorber,  J.C.  Thierry  and 

egg  white  (HEW)  lysozyme.  The  purity  and  activity  of  various  D.  Moras  (1986)  J.  Crystal  Growth,  76, 554-561. 
preparations  of  HEW  lysozyme  were  evaluated  by  various  bio-  (2)  AA.  Chernov  (1984)  Modem  CiystaUograi^y  HI,  Springer 

chemical  methods.  The  precrystallization  (5),  nucleation  and  Series  in  Solid-State  Sciences  36,  Springer- Verlag,  Berlin, 
early  growth  stages  of  crystallization  (6)  were  analyzed  by  (3)  A.S.  Myerson  and  K.  Toyokura  (1990)  Crystallization  as  a 

dynamic  light  scattering,  video  microscopy  and  photomicrog-  Separation  Process,  ACS  Symposium  Series  438 

raphy  and  compared  for  several  tqrparently  pure  and  Washington  DC. 

monodisperse  preparations.  Additional  experiments  were  con-  (4)C.  Abergel,  M.P.  Nesa  and  J.C.  Fotuecilla-Camps  (1991)  /. 
ducted  on  highly  pure  protein  solutions  in  which  trace  amounts  Crystal  Growth,  110, 11-19. 

of  the  natural  HEW  lysozyme  contaminant  (ovalbumin)  or  for-  (5)  M.  Skouri  J.P.  Munch,  B.  Lorber,  R.  Giege  and  S.  Candau 

eign  proteins  were  added  on  purpose.  (1992)  J.  Crystal  Growth,  in  press. 

Data  wiU  be  presented  that  iUustrate  the  influence  of  purity 
and  homogeneity  of  HEW  lysozyme  on  its  phase  diagram,  ^  ^ 
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GROWTH  AND  DISSOLUTION  KINETICS  OF  LYSOZYME 
Lisa  A.  Monaco,  From  Rosatberger  and Nai-Ben  Ming* 
Center  fior  Microgravity  and  Materials  Research 
Umversity  of  Alabama  in  Huntsville 
Huntsville,  Alabama  3S899 


High  resolution  optical  microscopy  with  digital  image  stor- 
age  and  processing  was  used  to  study  in-situ  the  growth  and 
dissolution  kinetics  of  lyso^me  in  a  2S  pi  solution  bridge 
inside  a  temperature  controlled  cell.  Employing  transmission 
differential  interference  contrast  and  reflection  interferometric 
techniques,  the  real-time  evolution  of  interfacial  features  was 
studied  with  a  depth  resolution  of  300A.  For  the  control  of 
siqrer-  and  undersaturation,  we  used  the  solubility  data  deter¬ 
mined  with  the  light  scintillation  technique  developed  in  our 
laboratory.  The  solutions  contained  SO  mg/ml  of  protein  and 
2.5%w/vNaClatpH=4.5. 

Normal  growth  (and  etching)  rates  of  facets  were  deter¬ 
mined,  revealing  increasing  anisotropies  with  increasing  siqrer- 
saturation  a.  At  low  o's  growth  is  kinetically  controlled  and 
occurs  through  layer  spreading.  At  higher  as  interfacial  kinet¬ 
ics  and  bulk  transport  become  equally  important  for  the  growth 
morphology.  The  interferometric  data  show  that  die  comers 
that  overlie  regions  in  which  growth  striations  intersect  growth 
sector  boundaries  become  more  active  sources  for  growth 
steps.  The  propagation  velocities  of  macrost^  (originating 


from  dislocations  and  2-d  nucleation)  depead  on  o  in  amarmer 
similar  to  that  observed  in  inorganic  systems.  However,  com¬ 
parable  growdi  rates  (100  A/sec)  require  o’s  diat  are  orders  of 
magnitude  higher.  Below  a  »  2  macroscopic  gtowdi  rates 
become  exceedingly  smalL 

'The  etching  experimeiits  revealed  moridiological  anisotrop¬ 
ies  on  crystallogrqducally  seemingly  identical  faces.  These 
anisotropies  can  be  interpreted  in  terms  of  a  bond  structure 
analysis.  Correlations  between  layers  of  irregularly  incorpo¬ 
rated  solution  (giowdi  striations)  and  growth  temperature  vari¬ 
ations  were  established.  Striations  ate  more  pronounced  in  the 
growth  sectors  diat  possess  higher  growth  rates. 


^Laboratory  of  Solid  State  Mioostructures,  Nanjing 
University.  Nanjing  210008,  People's  Rqniblic  of  China. 

This  work  has  been  sujqxnted  by  die  Microgravity  Science  and 
Applications  Division  of  NASA  (Grants  NAG8-868  and 
NGT-50129)  and  by  NSF  (Grant  INT-8903 1 73). 


NUCLEATION  PHENOMENA  IN  CRYSTALLIZATION  OF  SATELLITE 
TOBACCO  MOSAIC  VIRUS  (STMV) 

Alexander  J.  Malkin  and  Alexander  McPherson 
Department  of  Biodiemistry,  University  of  California  at  Riverside 
Riverside,  CA92S21,  USA 


1.  Methods.  The  nucleation  phenomena  and  posmucleation 
events  in  the  crystallization  of  satellite  tobacco  mosaic  virus 
(STMV)  was  investigated  by  quasi-elastic  light  scattering 
(QELS)  using  photon  correlation  spectroscopy. 


represent  die  first  such  estimates  for  virus  crystal  growth.  The 
acceleration  of  nucleation  and  crystal  growth  by  the  introduc¬ 
tion  of  heterogeneous  nucleants  (latex  micro^heres)  was  dem¬ 
onstrated. 


2.  Elementary  parameters  of  STMV  crystallization. 
Under  conditions  of  relatively  moderate  siqiersaturation  o  = 
100-140%,  the  continuous  aggregation  process  leading  to  the 
appearance  of  a  new  phase  does  not  become  established  imme¬ 
diately.  The  deBnite  supersaturation  dependent  induction 
period,  =  4-lS3min  was  necessary  for  the  appearance  of 
aggregates  in  solution  with  a  size  R  more  than  that  of  the 
critical  nucleus  R^..  At  o  >  140%  large  aggregates  composed  of 
more  than  10^  virus  particles  appeared  immediately.  'Hie  criti¬ 
cal  nuclear  size  supportive  of  stable  crystal  growth,  R^.  was 
estimated  from  time  dependem  size  distribution  analyses  to  be 
in  the  range  of  20  (a  at  100%)  to  S  virus  particles  (O  at  140%). 
From  the  same  data,  the  molar  intetfacial  free  energy  and  the 
activation  energy  for  STMV  crystal  growth  was  deduced  to  be 
2.2  kcal/mol  and  10  kcalMol,  respectively.  These,  we  believe 


3.  Postnucleation  growOi.  The  size  of  the  aggregates,  R. 
increases  with  time  as  R  «  t*^,  i.e.  STMV  crystal  growtii  is 
limited  by  volume  diffusion  ratiier  than  by  kinetics  of  surface 
processes.  The  data  is  consistent  with  a  probable  pathway  for 
STMV  crystal  growth  that  proceeds  dirough  accretion  of  clus¬ 
ters  of  virus  particles.  Our  experiments  demonstrate  that  for 
STMV,  the  aggregation  process  leading  to  oystal  formation  is 
distinctly  different  than  that  producing  amorphous  prec^tate. 
The  aggregation  rate  for  crystallization  is  substantially  higher 
with  a  power  law  exponent  of  n  «  O.S  while  that  associated 
with  eventual  amorphous  precipitate  was  in  die  range  of  n  = 
0.1-0.2.  Our  results  provide  additional  evidence  that  QELS  can 
be  a  useful  tool  for  the  rtqpid  and  nondestructive  determination 
of  die  ultimate  fate  of  solutions  supersaturated  widi  respect  to 
macromolecules. 
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THERMAL  METHODS  IN  PROTEIN  CRYSTALUZATION 
R.C.  De  Malta  and  RS.  Feigelson 
Center  for  Materials  Research 
105  McCullough  Building,  Stanford,  CA  94305-4045 


The  controUed  nucleadon  and  growth  of  protein  crystals 
has  only  recently  begun  to  be  investigated.  These  studies  are 
driven  by  the  need  to  better  understand  and  control  the  nucle- 
adon  and  growth  process  in  order  to  produce  better  crystals. 

The  solubility  diagrams  of  the  proteins  canavalin^'^  and 
tysozyme^^^  show  a  strong  dependence  on  temperature  as  well 
as  precipitating  agent  This  temperature  dependence  indicates 
that  thermal  methods  of  crystal  growth  can  be  iqjplied  to  pro¬ 
teins.  This  paper  will  discuss  two  of  those  methods  that  apply 
to  nucleadon  and  growth. 

The  Thermonucleator  was  developed  as  a  means  to  control 
and  localize  nucleadon  using  a  temperature  field.  This  sppara- 
tus  was  designed  to  separately  control  the  temperanire  at  die 
point  of  nucleadon  (dOOp  diameter  spot)  and  ^  bulk  of  the 
crystallizing  soludon.  The  thermal  profiles  around  the  cold 
spot  have  been  measured  in  water  and  gradients  as  high  as 
200'C/cm  were  obtained.  The  Thermonucleator  has  been  used 
to  nucleate  and  grow  crystals  of  ice,  Rochelle  salt,  lysozyme  in 
both  the  normal  and  retrograde  solubility  regions,  and  horse 


serum  albumin  (retrograde  solubility).  In  die  latter  two  exam¬ 
ples,  the  solubility  diagram  was  not  known. 

The  thermal  gradient  transport  method  has  been  used  to 
grow  lysozyme  crystals.  The  apparatus  used  for  the  growth 
consisted  of  two  microscope  slides  (lin  x  3in)  separated  by  a 
0.0625in  spacer.  The  temperatures  at  the  two  end  of  the  tppara- 
tus  were  controlled  using  water  baths.  The  supersaturadon 
along  the  apparatus  was  calculated  fiom  the  temperature  gradi¬ 
ent  and  the  actual  growth  rate  was  compared  to  that  calculated 
from  the  supersaturadon.  Seeded  crystals  were  grown  for  peri¬ 
ods  of  up  to  9  weeks. 

It  is  possible  to  combine  these  two  techniques  to  grow 
protein  crystals  for  molecular  structure  deteiminadons. 


1.  R.C.  De  Mattel  and  R.S.  Feigelson.  J.  Crystal  Growth,  110 
(1991)34 

2.  M.L.  Pusey,  private  communicadon. 

This  research  was  supported  by  NASA  Grant  NAG  8-774  and 
by  the  NSF-MRL  program. 


CRYSTALUSATION  OF  NORTRIPTYLINE  HYDROCHLORIDE,  A  TRICYCUC  ANTIDEPRESSANT 

ML.  MacCalman  and  KJ.  Roberts 
Department  of  Pure  and  Applied  Chenustty 
University  of  Strathclyde,  Glasgow  G1  1X1,  UK 
B.  Hendriksen 

Lilly  Research  Centre  Ltd,  Windleshsam,  Surrey,  GU20  6PH,  UK 


Crystallisadon  represents  an  essendal  uiut-operadon  for  the 
preparadon  and  definidon  of  many  phaimaceudcal  products. 
The  performance  of  such  a  product  is  fundamentally  dependent 
on  structural  factors  such  as  absolute  solubility,  bioavailability, 
stability,  compressibility  and  flow.  In  the  fotmuladon,  ublett- 
ing  and  packaging  crystal  habit  can  play  a  significant  role  and 
product  performance  can  be  direcdy  influenced  and  improved 
with  the  correct  choice  of  crystallisadon  parameters  such  as 
temperature,  solvent,  supersaturadon  etc. 

In  this  paper  we  present  an  examinadon  of  the  role  of  such 
parameters  on  the  crystallisadon  characterisdcs  of  the  andde- 
pressant  drug  nortriptyline  hydrochloride.  The  crystal  habit  of 
commercially  available  materials  together  with  samples 
recrystallised  as  a  funcdon  of  crystal  growth  condidons  has 


been  examined  using  scanning  electron  microscopy  and  com¬ 
pared  to  theoredcally  derived  morphologies  using  the  intermo- 
lecular  force  modelling  package  HABIT  [1].  The  results  are 
presented  and  discussed  in  terms  of  the  surface  chemistry  of 
nortriptyline  hydrochloride  in  terms  of  the  molecular  recogru- 
don  processes  taking  place  between  the  crystal  surfaces  and  the 
mother  liquor  j^ase.  Morphologies  are  compared  and  con¬ 
trasted  to  predicted  morphologies  based  on  geometry  and  lat- 
dce  energy  calculadons. 


[1  ]  HABIT  -  A  computer  program  to  predict  the  Morphology  of 
Molecular  crystals.  G.  Clydesdale,  R.  Docherty  and  KJ. 
Roberts,  Computer  Physics  Communications  64  (1991) 
311-328. 
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GROWTH  AND  MORPHOLOGY  OF  CHOLECTEROL  IN  MODEL  BILES 
F.C.  Voogt,  RM.  GeertmanandH.  Meekes 
Labcratoiy  of  Solid  State  Chemistry,  Univeisity  of  Nijmegen 
B.Groen 

Academical  Medica  Centre,  Amsterdam,  The  Netherlands 


For  the  formation  of  gallstones  the  transport,  nucleadon  and 
growth  of  cholesterol  monohydrate  plays  an  important  role. 
Human  bile  consists  mainly  of  bile  salts,  phospholqnds  (leci¬ 
thin)  and  cholesterol  in  water.  The  cholesterol  is  for  the  largest 
part  present  in  vesicles  or  micelles  formed  by  the  {dios- 
pholipids  and  bile  salts.  The  formation  of  diolesterol  crystals, 
which  on  their  turn  can  conglomerise  into  gallstones,  is  not 
fully  understood  yet  The  question  is  whetiier  the  growth  is 
determined  by  actual  growth  kinetics,  nucleation  or  transport 
from  the  vesicles  and  micelles. 

Therefore,  we  started  to  investigate  the  growth  and  nucle¬ 
ation  of  cholesterol  monohydrate  crystals  in  different  systems 
more  or  less  corresponding  to  human  bile.  From  die  theoretical 
side  we  worked  on  the  above  question  by  performing  periodic 


bond  diain  analysis  and  studying  the  interaction  between  cho¬ 
lesterol  crystal  faces  and  the  solvent  using  conqiuter  calcula¬ 
tions  and  graphical  tools.  Special  attention  in  the  PBC  analysis 
and  calculations  will  be  given  to  the  stabilising  role  of  die 
crystal  water.  The  incorporation  of  the  bile  salts  in  the  crystals 
is  investigated  both  dieoretically  and  experimentally. 

We  will  present  results  on  the  macroscopic  morphology 
which  turns  out  to  depend  clearly  on  the  solvent  system  used. 
Furthermore,  growdi  rate  and  nucleation  times  will  be  given 
for  the  differeiu  systems. 

The  inteipretaticm  of  the  experimental  results  will  be  based 
on  the  computer  calculations.  The  relevance  of  human  bile  will 
be  discussed. 


GROWTH-RELATED  MORPHOLOGY  OF  POROUS  INORGANIC  SALTS 
S.  Haldsz,  S.  Farkai*  and  K.  Kineses 
Research  Institute  for  Technical  Chemistry  of  the  Hungarian 
Academy  of  Sciences,  H-8201  Veszprdm,  RO.  Box  12S,  Hungary 
*Veszprdm  Uruversity,  H-8200  Vesrpr^m 

The  morphological  stability  or  instability  of  the  growing 
crystal  is  related  to  the  interface  kinetics  (Brice  and  Bruton. 

1974).  The  degree  of  deformation  depends  on  various  process 
parameters  i.e.  supersaturation,  solvents,  impurities  etc. 

Chenuv  (1989)  stated. . .  “The  shape  of  the  growing  oys- 
tal  serves  as  the  simplest  iixlieatar  of  the  atomic  growth 
mechanism”  therefore  we  only  have  to  make  it  “visible.”  By 
applying  the  gold  evqxnration  technique  in  scanning  electron 
microscopy,  the  good  quality  detailed  micrographs  well 
informed  us  about  the  steps  and  parameter  d^tendent  growth 
rates  of  the  dendrite  and  inclusion  formation  as  it  will  be  dem¬ 
onstrated. 

By  controlling  these  processes  regular  patterns  of  macro 
defects  were  developed  within  inorganic  salts  thus  producing 
valuable,  high  porosity  specialty  chemicals  from  the  che^  raw 
materiak. 


Porous  NaCl  crystal. 
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FACTORS  AFFECTING  THE  MORPHOLOGY  OF  ISOCITRATE  LYASE  CRYSTALS 
Robert  C.  DeMattei  and  Robert  S.  Feigeison 
Center  for  Materials  Research,  Stanford  University,  Stanford,  CA  94305-4045 

Patricia  Weber 

Experimental  Station,  Du  Pont  Merck  Pharmaceutical  Crmipany 
Wilmington,  DE  19880-0228 


Isocitrate  lyase  (ICL)  crystals  for  molecular  structure  stud¬ 
ies  have  been  grown  by  the  hanging  drop  vapor  equilibradon 
method^^^  both  <m  earth  (1-g)  and  in  low  gravity  (pg)  on  space 
shuttle  missions^^^  and  by  v^r  equilitoadon  in  small  crqrUlar- 
ies.  The  drop  sizes  studied  were  4  and  30pl  in  1-g  and  30pl  in 
pg.  The  ICL  crystals  grown  in  1-g  all  exhibited  dendritic 
morphologies  whether  grown  in  4pl  or  30pl  drops  while  those 
grown  in  pg  had  much  improved  morphology.  The  ICL  crystals 
grown  in  the  crpillak'ies  showed  a  highly  regular  crystal  mor¬ 
phology  consistent  with  an  orthorhombic  crystal  bounded  by 
low  index  planes. 

Preliminary  experiments  indicated  that  the  dendritic  mor¬ 
phology  did  not  arise  due  to  sedimentation  effects.  The  most 
likely  cause  of  the  dendritic  growth  was  excessive  supersatura- 
tion.  Since  supersaturation  in  these  growth  experiments  was 
related  to  the  rate  of  evaporation,  the  models  developed  by 
Sibille  and  co-woricers^^‘^^  for  hanging  drop  and  crqrillary  evap¬ 
oration  were  tqrplied  to  the  ICL  crystal  growth  system.  The 
results  of  the  calculations  showed  that  a  30pl  drop  evaporates  5 
times  more  slowly  than  a  4pl  drop  and  that  a  crystallizing 
solution  in  a  1.88rtun  diameter  capillary  evaporates  two  orders 
of  magnitude  more  slowly  than  the  same  volume  in  a  drop. 
These  calculations  gave  a  reasonable  explanation  for  the  qual¬ 
ity  of  the  ICL  crystals  grown  in  the  capillaries,  but  did  not 
account  for  the  improvement  seen  in  the  crystab  grown  in  the 
hanging  drops  in  pg. 


Sibille^^^  pointed  o.  t  iiioT  hanging  drops  evqrorated  more 
slowly  than  anticipate*.  \  <  ace  due  to  the  formation  of  a 
highly  saturated  layer  at  tl.e  solution-vapor  interface  in  the 
absence  of  thennal-solutal  convection.  The  decrease  in  evqx>- 
ration  rate  of  a  factor  of  two  was  not  enough  to  exiriain  the 
change  in  ICL  crystal  morphology  observed.  Experiments  widi 
inverted  capillaries  which  would  tend  to  stabilize  any  dense 
layers  formed  at  the  liquid-vapor  interface  developed  amor¬ 
phous  layers  at  the  interface  which  could  only  be  attributed  to 
the  precipitation  of  isocitrate  lyase.  In  the  pg  experiments, 
similar  removal  of  the  ICL  from  solution  due  to  jnec^itation 
tu;ted  to  lower  the  supersaturation  at  which  the  crystals  were 
growing  and,  thus,  promoted  more  controlled  growth  and 
improved  morphology. 


1.  A.  McPherson,  Preparation  and  analysis  of  Protein 
Crystals,  John  Wiley  &  Sons,  NY  1982. 

2.  LJ.  DeLucas,  et  aL,  J.  Crystal  Growth,  1 10  (1991)  302. 

3.  L.  Sibille  and  J.K.  Baird,  J.  Crystal  Growth  110  (1991)  72. 

4.  L.  Sibille,  J.C.  Clunie  and  J.K.  Baird,  J.  Crystal  Growth  1 10 
(1991)  80. 

This  research  was  supported  by  NASA  Grant  NAG  8-774  and 
the  NSF-MRL  program. 
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MASS  PRODUCTION  OF  REFRACTORY  OXIDE  CRYSTALS: 
CUBIC  ZmCONIA 
Joseph  F.  Wenckus 

Ceres  Corporation,  North  Billercia,  MA  01862 


Large-scale  production  of  refractory  oxide  crystals  using 
skuil-meldng  techrriques  has  undergone  drairutic  development 
during  the  past  decade.  These  developments  have  been  pro¬ 
moted  in  large  measure  by  the  growing  demand  for  Cubic 
Zitconia  (CZ)  crystals  used  to  fashion  the  "fake”  diamonds 
which  have  become  popular  in  the  gem/jeweliy  industry 
worldwide. 


Since  the  introduction  of  CZ  gems  in  1977,  the  prtoduction 
of  CZ  crystals  has  increased  steadily  and  present  aimual  world 
ou^ut  is  estimated  to  be  well  in  excess  of  250  tons. 

The  discussion  wiU  include  a  brief  history  of  dte  sldll-melt- 
ing  process  and  focus  upon  current  production  technology. 


DEVELOPMENT  OF  SKULL  MELTING  AND  CRYSTALLIZATION, 
PARTIALLY  STABILIZED  ZIRCONIA 

V.  OsUto 


1.  Concise  history  of  direct  RF  melting  in  cold  container. 

2.  Present  state  of  skull  melting. 

3.  Partially  stabilized  zirconia  (PSZ),  melting, 
crystallization,  and  solid  phase  transformation. 

4.  Phase  composition  and  micro  structure  of  PSZ. 

5.  Useful  properties  of  PSZ: 

—  high  hardness  and  shock  resistance; 

—  high  wear  and  tear  resistance; 


—  high  chemical  and  temperature  stability; 

—  low  friction  coefficient 

6.  Accomplished  and  possible  applications: 

—  medical  instruments  (scalpels,  perforators  and  drills); 

—  cutting  and  abrasive  instruments  for  processing  of 
some  metallic  and  non-metallic  materials; 

—  draw  plates,  tollers,  mills  and  mortars; 

—  thread  leading  tools,  beatings. 
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NON-UNEAR  EFFECTS  IN  IMPURITY  INCORPORATION  IN 
SEMICONDUCTOR  MELT  GROWTH 

V.V.  Voronkov 

Institute  of  Rare  Metals,  Moscow,  Russia 


Impuri^  incorporation  by  some  semiconductor  crystals 
(Ge,  GaAs)  turns  out  strongly  nonlinear  at  low  concentration  in 
die  melt,  Nq,  On  die  contrary,  the  range  of  relative^  high  N„ 
corresponds  to  simple  proportional  dqiendence  of  captured 
concentration  N  on  Ng,.  This  phenomenon  can  be  well 
explained  by  the  correlated  incorporation  of  impuri^  atoms 
and  vacancies  both  at  nonequilibrium  concentradoiL  Every 
moving  stqi  creates  a  fresh  part  of  the  surface  atomic  layer 
with  some  initial  concentrations  of  impurity  and  vacancies. 
Then  the  created  layer,  being  exposed  to  the  melt,  exdianges 
the  intrinsic  and  impuri^  atoms  with  the  melt,  these  atoms  fill 
the  surface  vacancies  and,  reversely,  produce  new  vacant  sites 
by  jumping  into  the  melt.  So  the  final  (incorporated  into  the 
crystal)  vacancy  concentration  C  is  dependent  on  the  impurity 
concentration  -  if  the  intrinsic  filling  is  hindered  by  high 
enough  energy  barrier,  likewise  the  captured  impurity  concen¬ 
tration  N  is  dependent  on  C.  The  N(C)  frmction  is  determined 
not  only  by  impurity  filling  the  surface  vacancies  but  also  by 


diffusion  exchange  of  impurity  between  the  near  interface  oys- 
tal  layers,  as  the  diffusion  rate  is  proportional  to  C.  The  calcu- 
lated  C(Ng|)  and  N(Nb,)  functions  are  of  peculiar  nonlinear 
character  that  strongly  dqrends  on  the  growth  rate  and  on  the 
step  distribution.  The  latter  can  be  either  regular  (equidistant) 
or  diaotic  depending  on  the  stq>  source.  The  N(Ngi)  function 
becomes  simple  proportional  at  N»C  when  the  filled  surface 
vacancies  give  small  contribution  to  N. 

For  binary  crystals  (such  as  GaAs  there  exists  a  ttew  ^pe  of 
nonlinear  correlation  between  impurity  and  vacancies:  the  sur¬ 
face  point  defects  of  the  first  sublattice  can  catalytically  influ¬ 
ence  the  filling  acts  for  the  vacancies  of  the  second  sublattice, 
fri  that  way  the  impurity  -  even  it  populates  only  one  of  the  two 
sublattices  -  constitutes  the  correlated  nonlinear  system  with 
both  kinds  of  vacancies.  This  phenomenon  can  account  for 
some  complicated  effects  of  isoelectronic  impurities  on  the 
properties  of  binary  semiconductors. 
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FORMATION  OF  PATTERNS  DURING  GROWTH  OF  SNOW  CRYSTALS 

Etsuro  Yokoyama 

Kyushu  Institute  of  Technology.  lizuka  820  Jq>an 


We  discuss  recent  progress  in  the  understanding  of  the  for¬ 
mation  of  patterns  of  snow  crystals.  In  particular,  we  focus  on 
the  morphological  instability  of  snow  crystab  that  occurs  with 
an  increase  in  die  degree  of  supersaturatioiL  At  low  supersatu¬ 
ration,  a  hexagotud  prism  of  snow  crystals  can  grow  in  a  stable 
manner  and  retains  its  form.  For  higher  supersaturations,  how¬ 
ever,  it  changes  form  by  means  of  preferred  growth  of  edges 
and  comers,  becoming  a  dendrite  for  temperature  between  - 
10*C  and  -22‘C.  To  explain  the  transition  from  the  hexagonal 
to  the  dendritic  pattern,  we  present  a  numerical  model^'^  that 
takes  into  account  the  following  elementary  processes  relevant 
to  the  growth:  (1)  a  surface  kinetic  process  for  incorporating 
water  molecules  into  a  crystal  lattice,  and  (2)  a  process  for 
diffusing  molecules  through  air  toward  the  crystal  surface.  We 
demonstrate  that  the  aiusotropy  of  surface  kinetics,  for  which 


the  kinetic  coefficiem  has  singularities  in  the  form  of  deep 
cusps  that  depend  on  the  supersaturation  at  the  surface,  plays  a 
very  important  part  in  the  formation  of  faceted  strips  of  snow 
crystals  as  hexagonal  prism  and  facets  seen  at  the  tips  of  den¬ 
drite.  Furthermore,  we  show  that  the  critical  conditions  for  the 
transition  from  hexagonal  to  dendritic  pattern  are  given  by  the 
supersaturation  and  the  dimensionless  crystals  size,  relative  to 
the  mean  free  path  of  a  water  molecule  in  air,  and  finally 
discuss  how  the  ratio  of  the  step  energy  to  the  surface  diffirnon 
distance  of  an  admolecule  influences  the  patterns  of  snow  crys¬ 
tals. 


[1]  E.  Yokoyama  and  T.  Kuroda,  Phy.  Rev.  41(1990)2038. 


CAPILLARY  EFFECTS  AT  DYNAMIC  CRYSTAL/MELT  INTERFACES 

M£.  Glicksman 

Department  of  Materiab  Engineering 
Rensselaer  Polytechnic  Institute,  Troy,  New  York  12180-3590 
SJP.  Marsh 

Code  6325,  Naval  Research  Laboratory.  Washington,  D.C.  20375-3590 


Of  particular  interest  in  the  field  of  crystal  growth  is  the 
effect  of  interfacial  energy  on  the  local  thermodynamic  proper¬ 
ties  (capillary  effects).  These  effects  play  an  Important  role  in 
the  nucrostructural  development  and  evolution  of  solidifying 
materials.  In  this  paper  we  present  experimental  results  on  the 
thermal  evolution  of  solid-liquid  mixtures  of  pure  materials, 
and  discuss  some  thermodynamic  aspects  of  these  nonequilib¬ 
rium  systems. 

A  novel  experimental  method  has  been  developed  to  moni¬ 
tor.  In  situ,  the  progress  of  interface  coarsening  via  the- 
rmocqnllaiy  effects  in  pure  materials.  Solid-liquid  mixtures  of 
white  phosphorus  (a-P4)  and  ethylene  carbonate  crystals  were 
created  rqnd  isenthalpic  solidification  of  the  undercooled 
melts.  These  mixtures  were  held  adiabatically,  and  a  platinum 
resistance  temperature  detector  with  a  resolution  of  100  pK 
was  used  to  monitor  the  average  temperature.  The  mean  tem¬ 


perature  was  observed  to  rise  a  few  mK  toward  an  asymptotic 
value,  reflecting  the  decay  of  the  mean  capillary  undercooling. 
Analysis  of  the  data  confirms  the  (time)*'^  kinetics  predicted 
by  theoiy.  However,  the  observed  volume  fiaction  dependence 
of  the  kinetic  rate  is  qualitatively  inconsistent  with  that 
obtained  by  a  mere  averaging  of  the  local  temperatures  deter¬ 
mined  by  the  equilibrium  Gibbs-Thomson  relationship. 

A  possible  source  of  this  discrepancy  is  the  presence  of 
additional  global  energy  constraints  not  accounted  for  the 
matiiematical  variation  used  to  derive  the  canonical  (isother¬ 
mal)  Gibbs-Thomson  relationshq).  To  quantify  the  cqiillary 
effects,  we  consider  the  average  properties  of  a  unit  volume  of 
the  solid-liquid  mixture  and  its  subsequent  evolution  during 
coarsen'  '.  The  aim  of  this  analysis  is  to  predict  the  mean 
temperat  and  volume  fraction  of  solid,  Vv,  consistent 

with  the  amount  of  excess  interfacial  energy  present. 
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SURFACE  TENSION  ANISOTROPY  AND  CELL-LKE  STRUCTURE 
FORMATION  IN  FREE  SOUDIFICATION 
V.  Pines,  M.  Zlatkcnvski  and  A.  Chait 
NASA  Lewis  Research  Center 
Cleveland,  OH  44135,  USA 


This  work  addresses  the  role  of  a  surface  tension  anisotropy 
during  solidiHcation  of  a  pure  materials  &om  a  supercooled 
melt  We  study  the  formation  of  a  predendridc  cell-like  struc¬ 
ture  using  fully  time-dependent  nonlinear  numerical  solutions 
of  the  thermodiffusion  model  avoiding  simplifications  of  math¬ 
ematical  nature.  The  introduction  of  surface  tension  anisotropy 
in  the  model  results  in  changes  in  cell  tip  radii  as  well  in  some 


variations  in  the  morphology  of  the  solid-liquid  interface. 
Time-dependent  ]dienomena  leading  to  the  establishment  of 
near  constancy  of  cell  tip  radii,  the  restoration  of  cell  tip  radii 
following  induced  tip  perturbations,  and  the  recently  found 
solitary  wave  generation  during  solidification  are  found  in 
cases  both  of  zero  and  of  nonzero  surface  tension  anisotropy 
parameter  values. 


THREE-DIMENSIONAL  PATTERN  FORMATIONS  AT  GROWTH  OF  ICE  DENDRITES 
Yoshinori  Furukawa  and  Wataru  Shimada 
Institute  of  Low  Temperature  Science 
Hokkaido  University,  Sapporo  060,  Japan 


It  is  well  known  that  the  morphology  of  ice  crystal  growing 
fi'om  the  supercooled  pure  water  changes  sequentially  with 
time  from  circular  disk,  to  disk  with  perturbed  periphery,  and 
finally  to  develoMd  dendrite  with  hexagonal  symmetry^'^. 
Many  researchers^  have  watched  the  ice  crystal  growth  with 
keen  interest  as  a  typical  case  in  the  problems  of  pattern  forma¬ 
tions.  However,  though  all  of  them  considered  that  the  ice 
crystals  are  grown  in  two  dimensions,  actual  ice  dendrites  have 
three-dimensional  structures. 

In  order  to  analyze  the  three-dimensiorud  pattern  formations 
of  ice  dendrites,  in-situ  observations  were  carried  out  for  ice 
crystals  growing  in  supercooled  water,  using  a  new  optical 
system  which  was  constructed  by  the  alternation  of  Schlieren 
and  Mach-Zehnder  interferometer'*.  In  addition  to  the  sharp 
images  of  the  outline  of  ice  dendrites,  the  interference  fringes 
(see  the  picture)  conesponding  to  the  ice  crystal  thickness  were 
obtained.  We  were  able  to  obtain  the  time-sequent  growth  pat¬ 
terns  in  three  dimensions  by  analyzing  the  observatiotutl 
results. 

Tip  radii  of  ice  dendrites,  pi  arsf  P2  which  were  in  the  basal 
plane  and  in  the  plane  perpendicular  to  the  basal  plane,  respec¬ 
tively,  were  independently  determined  from  the  three-  dimrat- 
sional  analysis  of  morphology.  Growth  rates  V  at  the  tip  of 
dendrite  and  the  supercoolings  UT  were  also  measured.  As  a 
result,  the  formation  mechanism  of  ice  dendrite  will  be  dis¬ 
cussed  on  the  basis  of  the  {nevious  theoretical  considerations 
about  the  pattern  formations. 


An  ice  crystal  observed  by  Schlieren  System  (a)  and  Mach-Zehnder 
interferometer  (b). 


1.  K.  Arakawa  and  K.  Higuchi;  J.  Fac.  ScL,  Hokkaido  Univ., 
Ser.n,  4(1952)201. 

2.  S.H.  Tirmizi  and  WJ^I.  Gill:  J.  Crystal  Growth, 
85(1987)488;  96(1989)277. 

3.  J.S.  Langer,  R.F.  Sekerka  and  T.  Fujioka;  J.  Crystal  Growth, 
44(1978)414. 

4.  Y.  Furukawa  and  W.  Shimada:  Proc.  Int  Sympo.  Phy. 
Chem.  Ice,  Hokkaido  Univ.  Press  (1992)  in  print 
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DENDRITIC  GROWTH  OF  CYCLOHEXANE 
RM.  Geertman,  EJ*.G.  van  der  Berg  and  P.  Bennema 
Laboratory  of  Solid  State  Chemistry  University  of  Nijmegen 
The  Netherlands 


The  growth  of  cyclohexane  from  a  pure  melt  and  benzene- 
cyclohexane  mixtures  has  been  studied.  The  formation  of  den¬ 
drites  has  been  focused  on  and  compared  with  theoretical 
models,  resulting  in  a  reasonable  agreement  The  cyclohexane 
had  a  purity  of  99.95%.  The  amount  of  benzene  present  -  in  the 
studied  mixtures  varied  from  0.1  to  3%.  The  growth  of  cyclo¬ 
hexane  crystals  started  with  a  seed  of  approximately  80  pm. 
The  undercoolings  used  ranged  from  0.05  to  0.5  K.  After  the 
initial  formation  of  pseudo  faces,  and  in  the  case  of  pure  cyclo¬ 
hexane,  cellular  fronts,  dendrites  developed.  The  tip  curvature 
and  the  growth  speed  of  the  dendrites  were  determined  and 
used  to  calculate  the  capillary  length  (dj  and  the  diffusion 
constant  (D).  dg  had  a  constant  value  of  2.0tun,  while  D  varied 
from  LO^lO'^m^/s  in  the  case  of  pure  cyclohexane  to 
4.2*  10"*m^/s  for  the  melt  containing  three  percent  benzene. 
The  standard  deviation  of  these  values  is  typically  90%.  This 


means  that  the  Langer-MUller  Krumbhaar  theory  describes  this 
case  quite  well,  even  though  it  does  tx>t  take  the  fact  into 
account  that  heat  flow  and  particle  diffusion  occur  simulta¬ 
neously.  The  values  are  compared  with  data  from  literature  for 
do  and  D,  both  thermal  and  chemical  The  value  of  do  is  fairly 
constant  but  an  order  of  magnitude  to  small  when  compared 
with  literature  data.  This  could  be  attributed  to  the  value  used 
for  a  which  is  0.025  according  to  theory.  Bilgram  and  Saito 
have  already  proven  that  this  value  can  differ  iqx>n  the  com¬ 
pounds  studied.  The  measured  value  of  D  for  the  pure  cyclo¬ 
hexane  and  the  mixture  with  0.1%  benzene  differs  also  an 
order  of  magnitude  with  literature  data.  This  could  be 
explained  in  the  same  way.  When  more  benzene  is  present  D  is 
getting  smaller,  which  can  be  expected,  seen  the  fact  that 
D(thetma})  is  much  larger  than  D(chemical). 


EFFECTS  OF  HIGH  MAGNETIC  FIELDS  OF  FRACTAL  GROWTH 
OF  LEAD  METAL-LEAVES 
Iwao  Mogi,  Susumu  Okubo  and  Yasuaki  Nakagawa 
Instimte  for  Materials  Research,  Tohoku  University 
Katahira,  Sendai  980,  J^an 


Growth  pattons  of  lead  metal-leaves  were  investigated  in 
high  magnetic  fields  up  to  8  T  as  an  experimental  tqiproach  to 
the  anisotropic  diffirsion-limited  aggregation  (DLA)  with  lat¬ 
eral  drifts  of  particles. 

The  lead  metal-leaves  were  grown  around  a  {nece  of  zinc 
metal  from  a  lead  acetate  aqueous  solution  between  two  glass 
plates  by  means  of  electrodeless  reduction  of  lead  ions.  Mag¬ 
netic  fields  were  produced  by  a  superconducting  magnet  with  a 
large  bore  of  200  rrun  in  the  High  Field  Laboratory  of  Tohoku 
University,  and  were  applied  perpendicularly  to  the  glass 
plates. 


Figure  A 


Growth  patterns  of  the  lead  metal-leaves  are  shown  in  Fig. 
1.  In  the  absence  of  magnetic  fields  (a),  dendritic  pattern  b 
observed,  where  sidebranches  grow  syrrunetiically  on  both 
sides  of  main  branches.  On  the  other  hand,  the  growth  pattern 
at  8  T  (b)  becomes  denser,  and  the  most  sidebranches  develop 
on  one  side  of  main  brandies.  These  drastic  change  in  growth 
pattern  was  explained  in  terms  of  the  magnetohydrodynamic 
effect  on  the  diffusive  motion  of  lead  ions  and  the  interface 
kinetic  process. 

Fractal  dimension  D,  of  the  metal-leaf  was  estimated  by 
means  of  the  box-counting  method;  D,  increases  with  increas¬ 
ing  magnetic  field  from  1.59  at  zero  field  to  1.66  at  8T. 
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EXPERIMENTAL  STUDIES  ON  THE  PATTERN  FORMATION 
IN  AQUEOUS  SOLUTION  FILM  SYSTEM 
Mu  Wang  and  Nai-ben  Ming 
National  Laboratory  of  Solid  State  Microstnictures, 
and  Department  of  Hiysics,  Nanjing  University, 

Nanjing  210008,  People’s  Republic  of  China 


Growth  of  fractals,  dendrites  and  faceted  crystals  are  stud¬ 
ied  in  a  thin  isothermal  aqueous-solution  Him  system  of 
Ba(N03)2,  using  in-sit u  observation  method.  Kinetic  phase 
diagrams  to  show  the  dependence  of  pattern  formation  on  the 
supersaturation,  the  solute  concentration  and  the  thickness  of 
the  aqueous  solution  film  have  been  investigated,  Mictomor- 
phology  and  the  growing  process  of  fractals,  as  well  as  the 


process  of  the  pattern  evolution  from  faceted  crystal  to  dendrite 
and  then  to  fractals,  have  been  studied.  The  experiments  indi¬ 
cate  that  the  high  driving  force  and  the  self-sustained  perturba¬ 
tion  are  necessary  for  the  growth  of  the  fractal  pattern.  Local 
growth  conditions,  including  the  thickness  of  the  aqueous  solu¬ 
tion  film  near  the  growing  interface,  are  responsible  for  die 
micromoiphology  of  the  fractals. 


THERMAL  EVOLUTION  OF  EQUILIBRIUM  CRYSTAL  SHAPE  OF  a-AGsS 
Tadashi  Ohachi  and  Ichirou  Taniguchi 
Department  of  Electrical  Engineering 
Doshisha  University,  Kyoto  602,  Japan 


Equilibrium  crystal  shtqie  (ECS)  is  related  to  the  surface 
free  energy  density  md  thermal  evolution  of  facet  size  of  ECS 
is  related  to  the  roughening  transition  temperatures.  The  pur¬ 
poses  of  this  report  are  to  study  about  the  ECS  of  the  high 
temperature  phase  of  silver  sulfide,  to  improve  the  experimen¬ 
tal  equilibrium  conditions,  and  to  discuss  the  existence  of  dif¬ 
ferent  roughening  transition  temperatures  depending  on  a 
given  equilibrium  condition. 

Single  crystals  of  a-Ag^S  were  grown  by  a  solid  vapor 
reaction  developed  for  ionic-electronic  mixed  superionic  con- 
ductors[l-3].  The  improvement  of  uniformity  of  the  tempera¬ 
ture  of  the  system  is  performed  by  a  new  growth  system  of  two 
zones.  A  sphere  of  silver  of  about  1  mm  diameter  was  reacted 
with  sulfur  vapor  directly  within  a  ctqisule  and  capillary  tube  of 
0.3  mm  4).  The  uniformity  was  kept  the  small  ctqisule  and 
uniform  winding  of  heater  wire.  Grown  symmetrical  crystal 
shape  shows  the  confirmation  of  uniform  temperature  distribu¬ 
tion.  ECS  of  a-Ag3S  is  given  by  temperatures  of  an  equili¬ 
brated  crystal  and  sulfur  liquid  Tg  and  Tv.  ECS  is  defined  for 
each  Tg  and  Tv.  Both  { 1 10)  and  ( 110}  facet  were  observed. 


The  area  of  facets  was  decreased  at  higher  Tg.  ECS  is 
detetrruned  by  the  temperature  and  the  vapor  pressure  at  the 
surface.  This  means  ECS  is  given  by  each  equilibrium  condi¬ 
tion.  Roughening  transition  temperature,  therefore,  is  given  for 
each  facet  of  a  crystal  and  given  vapour  pressure.  The  relation¬ 
ship  between  the  facet  area  and  crystal  temperature  at  given 
vapor  pressure  is  measured. 

This  experimental  macroscopic  technique  is  one  of  tools  to 
know  the  surface  information  related  atomic  level  surface  reac¬ 
tion.  Facet  shape  or  crystal  shape  of  a  bcc  a-Ag3S  crystal  was 
examined  optically. 


[1]  T.  Ohachi  and  I.  Taruguchi,  J.  Crystal  Growth,  65(1983)84. 

[2]  T.  Ohachi  and  I.  Taniguchi,  Morphology  and  Growth  Unit 
of  Crystals  (Tera  Sci.  Pub.  Comp.,  1988)  Ed.  I.  Sunagawa 
p.185. 

[3]  T.  Ohachi.  Proc.  of  4th  Topical  Meeting  on  Crystal  Growth 
Mechanism  (Tokyo  Uruv.,  1991)  Ed.  T.  Nishinagap.l3. 
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THE  FIMTENESS  EFFECT  ON  CRYSTAL  EQUILIBRIUM  SHAPE 
D.  AquUano*,  R.  Kern**  and  M.  Rubbo* 

*Dipaitimento  di  Scienze  Mineralogiche  e  Pebologiche 
University  di  Toiino-via  V.Caluso  37-I-1012S  Torino  Italy 
♦♦CRMC2-CNRS,  Campus  Luminy-F-13288  Marseille  Cedex  9  Irance 


The  surface  energy  0  of  a  finite  crystal  can  be  expressed, 
according  to  Stranski,  by  means  of  specific  energies  of  surface 
(o*),  edge  (k*)  and  comer  (e*),  corresponding  to  a  subdivision 
of  the  infinite  crystal  space  surrounding  the  finite  shape. 

We  treated  the  equilibrium  of  an  ideal  orthoriiombic  crystal 
limited  1^  three  pinacoids  and  defined  according  to  (ji  =  2£Oijs. 
ij,  a  new  specific  surface  energy  Oy  .  Kj*  Kj.,  e*.  hj,  hj; 

h^),  where  the  central  distarKes  h  can  vary  indeperidently  each 
other  and  Oy  not  constant  with  the  face  oze. 

The  solely  condition  on  the  surface  properties  concerns  the 
normal  derivatives  of  a*.  K*  and  £*,  which  are  considered 
negligible  with  respect  to  o*,  K*,  e*. 

Under  the  corxlitioti:  AF  =  -8Xhih2h3+<l»  =  extremum,  it 
ensues  that  the  ratios  among  the  central  distances  of  the  faces 
belonging  to  the  equilibrium  shape  are  determined  by  a  set  of 
three  equations: 


hi/hi  =  ■ 


1+-V 

Ojk  hfc 


aiU 


li¬ 


lt* 


OikTik 


(1) 


Hence  the  equilibrium  shape  is  no  longer  homotetic  due  to 
the  finiteness  of  the  crystal,  and  the  Wulff  theorem  is  recovered 
orrly  when  the  infinity  conditions  are  fulfilled  (e*,  k*,  «  a*). 


Moreover  firom  (1)  it  follows  that  equilibrium  shape  is  the 
orrly  one  for  which  the  separation  work  of  crystal  from  a  semi- 
infinite  colurrm  imderlying  a  given  face  is  equal  for  all  faces. 

Numerical  examples  are  given  (CaS04  anhydrite,  CaC03 
aragonite)  within  the  Bom-Stem  approximation  and  without 
relaxation. 
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VAPOR  GROWTH  AND  CHARACTERIZATION  OF  CdTe  BULK  SINGLE  CRYSTALS 

H.  WiedemeUrandGJi.  Wu 

Department  of  Chemistry,  Rensselaer  Polytechnic  Institute 
Troy,  New  York  12180-3590,  USA 


The  intrinsic  experimental  conditions  of  the  melt  growth  of 
CdTe  contribute  to  its  current  problems  in  terms  of  contamina¬ 
tion,  thermal  stress,  dislocation  density,  and  segregation,  \apai 
growth  of  this  material  (PVT)  can  reduce  these  problems,  but  is 
generally  limited  by  much  lower  growth  rates  relative  to  those 
of  melt  growr’ .  This  investigation  deals  with  an  increase  of  the 
vqx)r  growth  rate  of  CdTe  by  about  an  order  of  magnitude 
relative  to  typical  values  reported  in  the  literature,  while  mam- 
taining  low  etch  pit  densities  and  formation  of  lamellar  twins 
only.  These  results  are  based  on  high  purity  source  material, 
aitd  on  suitable  thermal  gradient  and  growth  temperature  con¬ 
ditions. 

For  the  bulk  growth  of  CdTe,  in-Situ  grown  seed  crystals 
were  employed.  Growth  temperatures  from  about  830*C  to 
900'C  and  temperature  gradients  of  about  S  to  40*C/cm  were 
used.  Under  these  conditions,  previous  CdTe  growth  rates  of 
about  2-3  mm  per  day  observed  in  this  laboratory  could  be 
increased  to  about  25  mm  per  day.  The  predominant  growth 
direction  of  the  single  crystalline  boules  was  in  or  near  the 


<100>  or  <111>  B  directions.  The  boules  of  up  to  10  g  were 
grain-fiee  and  contained  only  a  limited  number  of  lamellar 
twins.  Etch  pit  densities  from  less  than  10'*  cm'^  to  about  10^ 
cm'^  were  observed.  SEM  and  X-ray  diffraction  techniques 
confirmed  the  high  quality  of  these  crystals.  These  results  can 
be  explained  in  terms  of  the  thermal  conductivity  and  interface 
stability  of  CdTe.  In  addition,  the  necessary  surface  migration 
required  for  single  crystalline  growth  (for  otherwise  same  con¬ 
ditions)  is  provided  by  the  appropriate  growth  temperature.  In 
the  present  work,  we  have  be,n  able  to  effectively  eliminate 
lateral  twinning  and  to  observe  lamellar  twins  only,  even  at  the 
highest  growth  rates.  The  grouping  of  lamellar  twins  suggests 
that  they  may  be  caused  by  some  periodic  disturbances.  Further 
investigations  concerning  the  origin  of  the  twinning  phenome¬ 
non  are  in  progress. 

The  combined  results  are  comparable  to  those  observed  for 
the  melt  growth  technique.  This  makes  vapor  growth  of  E-VI 
compounds  particularly  attractive  for  applications. 
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CONDITION  FOR  GROWING  SINGLE  AND  TWINNED  CRYSTALS 
IN  CdTe  VAPOR  PHASE  EPITAXY 
Masanobu  Kasuga.LinLi  and  Yasushi  Yoshioka 
DepanmentofElectronks,  YamanishiUniveniiy.  Kofu,400  Is  m 


In  the  VPE  growth  of  CdTe  on  CdTe.  creation  of  twinned 
layer  is  strongly  influenced  by  the  substrate  orientation  and  dre 
supersaturation  of  the  vqxn.  Le.  large  offset  angle  from  {111} 
plane  and  small  source-to-substrate  tenqserature  difference  has 
proved  to  favor  formation  of  single  crystal. 

This  paper  clarifies  theoretically  die  condidon  for  die  single 
and  twinned  oystal  formation  on  the  assumption  diat  stqi  flow 
growdi  mode  is  essential  for  single  crystal  growth  and  two 
dimensional  nucleation  independent  of  stqis  are  responsible 
for  the  formation  of  twinned  layers.  We  can  define  three 
growdi  modes  where  monomers,  polymers  and  stable  two- 
dimensional  nuclei  play  the  main  role  in  the  growdi  mecha¬ 


nism  as  is  calculated  and  is  typically  shown  in  Fig.  1  as  a 
function  of  stq>  distance  X  and  supersaturationratio  a. 

Although  there  are  some  unknown  parameters  to  compare 
this  theoretical  estimation  exactly  to  die  observed  data,  it 
seems  to  be  the  formation  of  dimers  and  not  die  fonnaticn  of 
2-D  stable  nuclei  that  result  in  twinned  l^ers  since  experimen¬ 
tal  boundary  comes  around  the  curve  of  criteria  for  monomer- 
dimer  transitiotL 

This  criteria  has  also  been  estimated  by  a  Monte  Carlo  solid 
on  solid  simulation  arul  are  plotted  in  die  same  figure.  It  guar¬ 
antees  indirectly  the  validi^  of  the  dieoretical  curve. 
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Figurt  1.  Hint  growth  mode*  when  monomers,  polymers  and  2-D  nuclei  dominates  vs  Xando. 
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CHARACTERIZATION  OF  LARGE-DIAMETER  SINGLE-CRYSTAL  CdTe 
GROWN  BY  THE  VERTICAL  BRIDGMAN  METHOD 


Louis  G.  Casagrande,  Don  Di  Manio  and  David  J.  Larson,  Jr. 

Grumman  Corporate  Research  Center,  Belhpage,  NY  11714-3580 
Michael  Dudley  and  Thomas  Fanning 

Department  of  Materials  Science  and  Engineering,  SUNY,  Stony  Brook,  NY  11794 


We  report  on  the  growth  of  64  mm  diameter  single-oystals 
of  CdTe  using  a  large-bore,  high-thermal  mass,  multizone  Ver¬ 
tical  Bridgman  fiimace.  Ampoules  are  carefully  prepared  so 
that  the  probability  of  melt  adhesion  or  spurious  nucleation  is 
reduced.  The  longitudinal  thermal  gradient  imposed  on  the 
solidifying  boule  is  less  than  lO’C/cm  and  the  hot  and  cold 
zone  temperatures  have  been  adjusted  to  levels  designed  to 
reduce  the  interface  curvature  and  the  thermal  stress  on  the 
growing  crystal  and  the  solidified  portion  of  the  boule.  A  seed 
crystal  is  utilized  in  order  to  control  growth  orientation,  and 
several  ampoule  geometries  have  been  investigated.  Post-solid¬ 
ification  processing  of  the  boule,  including  aimealing  and  cool¬ 
ing  rate,  is  designed  to  reduce  the  size  and  density  of 


precipitates  as  well  as  residual  straiiu  Wafers  taken  from  the 
crystals  have  been  structurally  and  diemically  characterized. 
The  emphasis  of  our  analysis  has  been  on  correlating  the  vari¬ 
ous  characterization  techniques  in  order  to  determine  the  rela¬ 
tionships  between  specific  features  observed  with  different 
methods.  We  have  been  able  to  establish  a  correspondence 
among  features  identified  on  high  qualify  surfaces  of  CcfTe 
using  Synchrotron  White  Beam  Topography  (SWBT),  x-ray 
rocking  curve  maps,  and  Nakagawa-etch-pit  microgrqrhs.  We 
propose  that  the  use  of  SWBT  together  with  x-ray  rocking 
curve  mapping  provides  important  structural  information  and 
can  be  utilized  as  an  alternative  to  destructive  etch  pit  analysis 
for  the  characterization  of  the  surface  defect  structure. 


LARGE  (Cd;Zn)Te  INGOTS  GROWN  BY  THE  HORIZONTAL 
BRIDGMAN  TECHNIQUE 
Pok-Kai  Liao,  Men-Chee  Chen  and  Carlos  Castro 
Texas  Instruments  Incorporated,  Central  Research  Laboratories 
P.O.  Box  655936,  MS  154,  Dallas,  TX  95265 


Because  of  its  uivique  charactenstics,  the  tentary  compotmd 
(Cd,Zn)Te  is  the  most  suitable  substrate  material  for  the  epitax¬ 
ial  growth  of  (Hg,Cd)Te  and  related  infrared  detector  materials. 
However,  historically,  difficulties  in  growing  large  single  crys¬ 
tals  have  limited  substrate  sizes  and  made  this  material  less 
affordable.  The  horizontal  Bridgman  technique  provides  sev¬ 
eral  advantages  over  other  techniques  for  the  growth  of  high 
qualify  (Cd,2^)Te  ignots  having  large  single  crystals  portions. 
Up  to  4  Kg  (Cd,Zn)Te  ingots  are  grown  by  the  horizontal 
Bridgman  technique  at  Texas  Instruments  and  large  single 
crystal,  (111)  oriented  (Cd,Zn)Te  substrates  with  areas  up  to  2 
inches  by  3  inches  are  routinely  obtained  from  these  ingots. 
Monthly  production  of  over  3,000  cm^  (111)  oriented 
(Cd,Zn)Te  substrates  has  been  achieved  with  two  horizontal 
Bridgman  furnaces^ 


In  this  paper,  (Cd,2!h)Te  crystal  growth  and  substrate  prepa¬ 
ration  will  be  discussed.  Material  properties  such  as  dislocation 
etch  pit  densities,  tellurium  precipitate  concentrations.  Hall 
effect  data,  and  FTIR  transmissions  will  also  be  presented.  In 
addition  post  growth  armealing  under  Cd  overpressure  has 
been  studied  to  improve  the  substrate  properties.  The  defect 
chemistry  of  this  ternary  system  has  been  experimentally 
investigated  and  correlated  to  the  thermodynamic  parameters 
such  as  armealing  temperatures  and  Cd  overpressures. 

*P.-K.  Liao,  L.  Colombo,  CA.  Castro,  B.E.  Dean.  CJ. 
Johnson,  RR.  Boyd,  W.  Mozar  and  R.  Comtols,  1991  Meeting 
of  tire  IRIS  Specialty  Group  on  Infrared  Materials,  October, 
1991,  pp.  245-257. 
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STATE  AND  DISTRIBIJTION  OF  POINT  DEFECTS  IN  DOPED  AND 
UNDOPED  BRIDGMAN  -  GROWTH  CdTe  SINGLE  CRYSTALS 
K.W.  Baa^,  D.  Sinerius^,  C.  Eiche^,  BX.  Meya^,  DM.  Hcfman?, 

C.  Albert,  R.  Boyn^,  P.  Rudolph^  omd  H.  Zimmermanr^ 

*  Crystallographic  Institute,  University  of  Freiburg,  Hebelstr.  25,  D-7800  Freiburg,  F.R.G. 
^Cqrartment  of  Hiysics  E  16,  Technical  University  of  Munich,  James  -  Franck  -  Str.  1,  D-8046  Gaiching,  F.R.G. 
^Section  Physics,  Humboldt  -  University  of  Berlin,  Invalidenstr.llO,  0-1040  Berlin,  FJI.G. 


The  axial  distribution  of  the  free  carrier  concentration,  the 
tellurium  excess  precipitation  and  inclusion  density  from  IR 
extinction  analysis  the  concentration  of  substitutionally  incor¬ 
porated  shallow  acceptors  and  donors  (deduced  bom  PL  -  mea¬ 
surements)  and  the  total  impurity  concentrations  (from  mass 
spectroscopy)  is  investigated  in  undoped  and  doped  (Ag,  Cl) 
CdTe  crystals  grown  without  and  with  an  overpressure  of  Cd. 

A  characteiistical  correlation  exists  between  the  crystal 
growth  condidons,  in  particular  the  deviations  of  stoichiome¬ 
try,  the  incorporation  of  impurities,  the  distribution  of  intrinsic 
point  defects  and  the  interaction  between  these  intrinsic  and 
extrinsic  point  defects.  It  can  be  shown  that  the  kinetic  distribu¬ 


tion  coefficient  of  dopants  is  controlled  by  the  vacancy  concen¬ 
tration  at  the  melt  -  solid  interface. 

The  resistivities  of  Cl  -  doped  CdTe  -  crystals  were  investi¬ 
gated  depending  on  the  dopant  -  concentrations  added.  The 
analysis  of  deep  centers  (l^  photo  induced  currem  transient 
spectroscopy)  showed,  that  the  electrical  properties  are  mainly 
governed  by  intrinsic  defects.  Vacancy  -  donor  -  complexes  (A 
-  centers)  play  an  important  role  in  the  compensation  behaviour 
of  n  -  VI  compounds.  By  optically  detected  magnetic  reso¬ 
nance  (ODMR)  investigations  in  the  luminescence  band  at 
1.42  eV  the  stmcture  of  A  -  centers  in  Cl  -  doped  CdTe  has 
been  determined. 


DEFECTS  IN  CdTe  BRIDGMAN  MONOCRYSTALS  CAUSED  BY 
NONSTOICmOMETRIC  GROWTH  CONDITIONS 
P.  Rudolph,  M.  Neubert  and  M.  Muhlberg 
Humboldt  Uruversity  of  Berlin,  Department  of  Physics 
bistitute  for  Crystallography  and  Materials  Science 
Invalidenstra^e  110,  Berlin  0-1040,  Germany 


CdTe  single  crystals  are  important  for  technical  a{plications 
as,  for  example,  substrates  in  (Hg,Cd)Te  epitaxy,  IR-windows 
and  prisms,  electro-optical  modulators  and  gatiuna-ray  detec¬ 
tors.  To  achieve  parameters  as  high  resistivity  and  transrrussion 
exact  stoichiometry  control  during  growth  is  unavoidable.  This 
rtuy  be  done  successfully  by  using  an  additional  Cd  source 
during  growth  [1]. 

In  contrast,  growth  without  Cd  source  tends  to  change  to 
nonstoichiometry.  CrfTe  melt  eviqrorates  irKongruently,  tiie 
free  volume  inside  the  ampoule  fills  with  Cd-gas  and,  in  conse¬ 
quence,  the  melt  composition  changes  to  tellurium  excess.  Cor¬ 
relations  between  free  volume,  melt  volume  and  tellurium 
excess  atoms  in  the  melt/crystal  will  be  discussed. 

There  may  be  observed  two  phenomena  occurring  during 
growth  from  slightly  tellurium-rich  melts;  i)  inclusions  of  tellu¬ 
rium  rich  melt,  caused  by  morphological  instabilities  at  the 


growth  interface  (particles  ^  1  pm  in  diameter)  and  ii)  precipi¬ 
tations  originated  during  cooling  of  the  crystal,  caused  by  the 
retrograde  slope  of  the  solidus  (particles  0.01  to  0.1  pm  in 
diameter).  An  axial  distribution  profile  of  the  total  amount  of 
included^precipitated  tellurium  excess  had  been  observed  by 
IR-transrrussion  rrucroscopy  (i)  and  extinction  spectrometry  (ii) 
respectively.  The  distribution  of  (ii)  may  be  approximated  by 
Pfarm’s  segregation  profile  with  a  segregation  coefficient  of 
about  0.5  [2]. 

Surrunarizing  this,  growth  from  nonsloichiometric  melts 
can  provide  useful  hints  about  the  shqres  of  solidus  and 
liquidus  near  the  congruent  melting  point. 


[1]  M.  Mtihlberg,  P.  Rudolph.  A.  Wenzel,  Crystal  Properties 
and  Preparation,  in  press. 

[2] U.  Becker,  P.  Rudol}^  R.  Boyn,  M.  Wienecke,  I.  Utke, 
phys.  stat.  sol.  (a)  120  (1990)  653. 
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PHOTOLUMEVESCENCE  AND  SIMS  MEASUREMENTS  OF  CdTd  AND  CdZnTe 
SAMPLES  SUBJECTED  TO  THERMAL  ANNEALING 
M.  Azoulay,  R.  Tenne*  and  H.  Feldstein 
Soreq  Nuclear  Research  Center,  Yavne  70600,  Israel 
^Weizman  Institute  of  Science,  Rehovot  76100,  Israel 


High  quality  CdZnTe  single  crystal  was  proved  to  be  a  good 
candidate  as  a  lattice  matched  substrate  for  the  growth  of 
HgCdTe  epitaxial  layers^'\  The  evaluation  of  both,  the  free 
catrier  concentration  and  the  conductivity  type  in  the  substrate 
is  difficult  due  to  the  high  resistivity  of  ultra  high  pure  CdZnTe 
crystal  (10^  Qcm)®.  PL  analysis  was  found  to  be  a  sensitive 
tool  for  determining  both  the  crystalline  quality  and  the  chemi¬ 
cal  purity^’^\  It  has  been  shown^*’^'  that  deviation  from 
stochiometry  or  post  growth  armealing  of  CdZnTe  crystals  can 
be  clearly  observed  in  the  PL  spectra. 

In  this  paper,  it  is  shown  that  the  PL  spectra  of  the  near  edge 
emission  (up  to  100  meV  from  the  band  edge)  and  SIMS 
measurements  of  impurities  in  CdZnTe  substrates  can  be  corre¬ 
lated.  Sodium  which  was  fund  to  be  present  in  the  as  grown 
crystal  was  reduced  by  an  armealing  process  as  determined  by 
SIMS.  This  reduction  of  sodium  is  apparently  accompanied  by 


reducing  the  PL  relative  intensity  of  the  DAP  recombination 
peak  around  U618eV. 


1.  S£.  Qadri,  E.F.  Skelton,  J.J.  Kermedy.  App.  Pkys.  Let.  46, 
(1985)257. 

2.  P.  Cheuvart,  U.  El-Hanani  and  R.  Triboulet  J.  Crystal 
Growth  101  (1990)  270. 

3.  JAl.  Figuera  and  O.  Zelayer.  J.  Appl.  Phys.  60(1),  (1966)  ' 
452. 

4.  K.M.  James,  ID.  Flood  and  J.L.  Merz.  J.  Appl.  Phys. 
59(10),  (1986)  3596. 

5.  J.  Gonzalez-Femadez  and  W.V.  Allred.  J.  Val.  Sci  Tec. 
A8(4),  (1990)  3255. 

6.  S.  Seto,  A.  Tanaka  and  M.  Kawashima.  J.  Appl.  Phys., 
64(7),  (1988)  3658. 


MICROGRAVITY  CRYSTAL  GROWTH  EXPERIMENTS  OF  CdTe  ON 
THE  SOVIET  PHOTON  7  MISSION 
M.  Salk,  B.  Lexow  and  K.W.  Bern 

Kristallographisches  Insdtut  der  Universitat,  Hebelstr.  35,  D-7800  Freiburg,  Germany 

D.C.  Matioukhin 

Riga  Scientific  Research  Institute  for  Radioisotope  Apparattis,  Riga,  Latvia 
JM.  Gel' f gat  and  MZ.  Sorldn 

Institute  of  Physics,  Latvian  Academy  of  Scioices,  Riga,  Latvia 
AS.  Senchenkov,  A.V.  Egorov  and  I.V.  Barmin 
SPLAV  Techtucal  Center,  Glavcosmos  USSR,  107497,  Moscow,  USSR 
P.  Siddnger,  P.  Hofinann  and  R.  Klett 

Kayser-Threde  GmbH,  Wolfratshauser  Sir.  48,  D-8(XX)  MUnchen  70,  Germany 


In  October  1991  two  CdTe  crystal  growth  experiments  took 
place  during  the  unmarmed  Soviet  PHOTON  7  mission.  Both 
experiments  were  prepared  and  carried  out  in  the  short  time  of 
18  months.  This  was  possible  due  to  the  effective  scientific 
cooperation  between  the  Technical  Center  SPLAV,  Kayser- 
Threde  and  the  research  institutes  in  Riga  and  Freiburg. 

The  Travelling  Heater  Method  was  chosen  for  the  growth 
experiments.  A  tellurium  solution  zone,  which  was  formed  as  a 
result  of  dissolving  the  compound  CcfTe  in  the  Te-solvent,  was 
positioned  between  a  seed  crystal  and  a  solid  feed  tod.  The 
solution  zone  moved  along  the  ampoule  axis  at  the  constant 
velocity  of  0.2  mmyh.  Dissolution  of  the  polycrystalline  feed  is 
caused  by  the  undersaturation  of  the  solution  and  the  crystal 
growth  is  caused  by  suptercooling  of  solution. 


The  following  experiments  were  performed  in  the  zone 
melting  facility  ZONA  4: 

-  CdTe  crystal  growth  by  the  Travelling  Heater  Method 
under  Ig-  and  pg-conditions, 

-  CdTe  crystal  growth  within  a  rotating  magnetic  field  by 
the  Travelling  Heater  Method  under  Ig-  and 
pg-conditions. 

Results  on  the  material  transport  in  the  liquid  zone  within 
and  without  the  rotating  magnetic  field  will  be  given  in  com¬ 
parison  to  the  Ig-reference  exprerimerus.  All  expreriments  are 
accompanied  by  theoretical  modeling  of  temprerature  pnofiles, 
phase  boundaries,  flow  patterns  in  the  solution  zone  and 
growth  kinetics. 
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CRYSTAL  GROWTH  OF  SEMIM AGNEITC-SEMICONDUCTORS  IN 
VERY  HIGH  MAGNETIC  FIELDS 
Giyuu  Kido,  Nobuyasu  Adachi  and  Masahiro  Inoue 
Institute  for  Materisls  Reseaidi,  Tohoku  University 
Katshira,  Sendai  980.  Japan 


High  magnetic  Helds  up  to  12  T  were  applied  during  the 
crystal  growth  process  of  semimagnetic  semiconductors 
Cdi.xCo2Te  and  Cdi.xMiixTe  to  homogenize  the  concentration 
of  magnetic  ion  and  to  acquire  a  large  single  crystal  grain. 

A  vertical  Bridgman  furnace  with  25  mm  clear  bore  was 
incorporated  in  a  IS  T  water-cooled-resistive  magnet  at  the 
High  Field  Laboratory,  Tohoku  University.  The  length  of  die 
SiC  heater  part  is  ISO  mm.  A  temperature  as  high  as  1200*C 
could  be  obtained  continuously  at  12  T. 


Crystals  are  grown  as  the  following:  A  mixture  of  Cd,  Te 
and  Cb  (or  Mn)  granules  was  sealed  in  a  gr^hidzed  quartz 
ampoule  under  10'^  Torr  at  400*C.  The  ampoule  placed  in  the 
upper  part  of  the  heater  was  heated  up  to  1170*Cm  12  hours  at 
the  zero  field,  and  then  was  lowered  vertically  in  the  rate  of  2 
cm/hour  at  10  T  for  10  hours.  The  control  was  made  in  the 
same  condition  excqit  the  magnetic  field.  We  found  that  die 
grain  size  becomes  significantly  larger  by  die  triplication  of 
field.  It  is  possibly  due  to  the  suppression  of  the  convection  of 
fluid  mixture  by  the  magnedc  field. 


SEEDLESS  SEEDING  AND  ZERO  TELLURIUM  PRECIPITATES  IN 
VERTICAL  BRIDGMAN  GROWN  CdZnTe  (3-5%)* 

Arthur  J.  Socha,  Sr.  and  Daniel  W.  Bakken 
Johnson  Matthey  Electronics  fiic.,  Spokane,  Washington 

Seedless  methods  for  seeding  CdZnTe  (3-S%)  utilizing  Ver-  dures  to  produce  routine  oystals  widi  zero  tellurium  precipi- 

dcal  Bridgman  techniques  are  discussed.  Ingots  SSmm  and  tales  (<0.8  p)  and  defeats  <SxE4  are  also  discussed. 

75mm  in  diameter  were  investigated  with  variations  in  crucible  _ 

bottom  design,  growth  procedures,  and  crucibles  of  quartz  and  *Supportedinpartby  DARPAcontTactMDA972-91-C-0046. 
PEN.  Ingot  rotation  and  its  effect  of  grain  development  was 
also  investigated.  The  growth  and  annealing  (in  situ)  proce- 
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VACANCY  DIFFUSION  IN  MERCURY  CADMIUM  TELLURIDE 
M.  Neubert,  FH.  Kiessling  and  K.  Jacobs 
Humboldt  University  of  Berlin,  E)epartinent  of  Physics 
Institute  for  Crystallogr^hy  and  Materials  Science 
InvalidenstraPe  110, 0-1040  Berlin,  Germany 


In  THM-grown  Hgo.gCdo^Te  crystals  a  significant  increase 
in  Hall-measured  p-type  carrier  concentration  can  be  observed 
along  their  axis  in  the  last  solidified  parts.  This  increase  is 
assumed  to  be  caused  by  mercury  vacancies.  Positron  armihila- 
tion  measurements  (PA)  exclusively  detecting  vacancies,  lead 
to  similar  results  and  confirm  the  assumption  made  above. 

These  experimerttal  results  can  be  tmderstood  in  the  follow¬ 
ing  wi^:  During  growth  fiom  a  tellurium  rich  solution  a  certain 
number  of  mercury  vacancies  is  built  in  corresponding  to  the 
tellurium  saturated  boundary  of  the  existence  region  at  growth 
temperature.  Because  of  the  retrograde  solubility  of  native 
point  defects  and  the  lacking  interaction  of  the  itmer  parts  of 
the  crystal  with  the  surrounding  atmosphere,  the  built-in  vacan¬ 
cies  precipitate  during  cooling.  This  process  goes  more  or  less 
to  completion  depending  on  the  individual  thermal  history  of 
each  part  of  the  crystal.  Almost  complete  precipitation  results 
in  a  very  low  residual  vacancy  concentration.  Incomplete  pre¬ 
cipitation  leaves  more  vacancies,  obviously,  the  last  solidified 
parts  of  the  crystal  had  been  cooled  down  faster  and  therefore 
pxissess  higher  residual  vacancy  concaitradons. 


Precipitation  has  been  modelled  as  a  diffusion  limited  pro¬ 
cess  assuming  precipitations  as  inner  sinks  in  the  crystal.  The 
numerically  calculated  axial  vacancy  distribution  profiles  show 
a  reasonable  agreement  to  experimental  results  (Fig.).  The  pro¬ 
cess  can  only  be  understood  assuming  a  diffusion  co-efficient 
depending  on  actual  vacancy  concentradon. 


TEM  INVESTIGATION  OF  PRECIPITATES  IN  HGo  gCDo^TE  GROWN  BY  THM 

F.-M.  Kiessling 

Humboldt  University  of  Berlin,  Department  of  Physics 
Invalidenstr.  110, 0-1040  Berlin,  Germany 
HS.  Leipner 

Martin  Luther  University  of  HaUe/Wittenberg 
Department  of  Physics,  Friedemaim-Bach  Platz  6, 0-4010  Halle,  Germany 


The  ternary  intermetallic  compound  (Hg,Cd)Te  (MCT)  is  of 
particular  importance  to  infrared  technology.  Growing  crystals 
at  the  Hg  deficiency  side  of  the  phase  diagram  the  strongly 
retrograde  solid  solubity  of  native  point  defects  causes  inevita¬ 
bly  in  a  r  ,mificant  second  phase  precipitation.  Such  precipita¬ 
tion  has  leen  investigated  in  material  mostly  prepared  by 
solid-state  recrystaUization,  but  there  is  a  considerable  lack  of 
informatioa  on  precipitates  m  crystals  grown  by  the  travelling 
heater  tnrMod  (THM).  The  differences  between  both  crystal 
growth  modiods  being  most  important  for  the  precipitation 
process  arc  growth  temperature  and  time-dependent  cooling 
down  procedure. 

Transmission  electron  microscopy  (TEM)  investigations 
were  carried  out  on  samples  received  from  as-grown  MCT 
crystals  as  well  as  on  samples  post-growth  aimealed  under 


mercury  saturated  conditions  to  search  for  precipitates.  Unex¬ 
pectedly,  a  very  high  precipitation  density  of  about  10**  cm'* 
was  found  in  as-grown  samples.  These  defects  were  identified 
as  loops  with  a  diameter  up  to  2S  nm  consisting  of  agglomer¬ 
ated  Hg  vacatKies.  This  type  of  precipitation  process  has  not 
been  described  for  other  bulk  growth  methods  of  MCT  mate¬ 
rial  before. 

The  jreculiarities  of  the  THM  growth  were  correlated  to  the 
precipitation  process.  Simple  calculations  were  made  to  com¬ 
pare  the  concentration  of  vacancies  precipitated  with  the  tellu¬ 
rium  excess  in  the  solid  at  the  very  beginning  of  the 
solidification  process.  Results  of  Hall-effect  measurements  and 
positron  annihilation  techniques  were  taken  into  consideration 
to  understaixl  the  difiusion  processes  of  mercury  vacancies. 
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FUNDAMENTAL  PROBLEMS  OF  CVD  DIAMOND 
B.V.  Spitsyn 

Institute  of  Physical  Chemistry,  Russian  Academy  of  Sciences 
Moscow.  Russia 


A  violent  evaluation  of  research  and  development  on  chem¬ 
ical  crystallization  of  diamond  from  activated  vapor  phase 
started  ten  years  ago  [1,2]  make  very  challengeable  to  found 
common  qtproaches  in  theoretical  and  experimental  CVD  dia¬ 
mond  investigations. 

Acconling  to  author's  opinion,  despite  of  wide  spectrum  of 
elaborated  methods  of  diamond  growth  from  vapor  phase, 
(activated  by  heat,  electrical  and  electromagnetic  fields,  by 
chemical  reactions  etc.)  it  is  reasonable  to  concentrate  the  dis¬ 
cussion  about  basic  regularities,  coimected  with  most  impor¬ 
tant  parameters. 

We  discuss  from  theoretical  and  experimental  points  of 
view  linear  growth  rate  and  quality  of  grown  diamond  on: 

-  temperature  of  crystallization. 


-  carbon-contained  component  concentration, 

-  total  pressure  in  vapor  phase, 

-  middle  range  between  region  vapor  activation  and 
surface  of  crystallization, 

-  level  of  activation  of  v^r  phase. 

On  base  of  our  and  another  works  we  will  discuss  doping  of 
diamond  in  the  course  of  its  growth  and  kinetics  of  early  stages 
of  diamond  growth  on  non-diamond  surfaces. 

1.  B.V.  Spitsyn,  L  L.  Boulov  and  B.V.  Derjaguin.  J.  Crystal 
Growth,  1981,  voL  52,  p.  219. 

2.  S.  Matsumoto,  Y.  Sato,  M.  TsuUumi  and  N.  Setaka.  J. 
Mater.  Sci.,  1982,  vol.  17,  p.  3106. 


GROWTH  OF  DIAMOND  BY  SEQUENTUL  DEPOSITION  AND  ETCHING 
PROCESS  USING  HOT  FILAMENT  CVD 
J.  Wa  and  Y.  Tzeng 

Department  of  Electrical  Engineering,  Auburn  University 
Auburn,  Alabama  36049 


High  quality  and  higher  growth  rate  diamond  films  have 
been  grown  by  sequential  deposition  and  etching  process  using 
hot  filament  CVD  system.  Since  oxygen  is  very  effective  in 
etching  the  non-diamond  components,  a  computer  can  be  used 
to  control  the  cycle  between  oxygen-rich  gas  mixture  and 
deposition  reaction  gas  mixture  in  order  to  achieve  higher 
growth  rate  diamond  deposition  without  sacrificing  diamond 
quality.  During  the  deposition  part  of  the  cycle,  higher  carbon 
(C)  concentration  in  reaction  gas  mixture  than  that  used  to 
deposit  high  quality  diamond  was  used  to  deposition.  During 
the  etching  part  of  the  cycle,  oxygen-rich  gas  mixture  was  used 


to  etch  the  non-diamond  components  that  was  deposited  simul¬ 
taneously  with  diamond  components  when  using  a  high  C 
concentration  gas  mixture.  Results  according  to  SEN  and 
Raman  spectroscopy  show  that  by  decreasing  the  cycling  time, 
better  crystallites  of  diamond  film  is  obtained.  Using  a  cycling 
time  of  less  than  one  minute,  high  quality  and  higher  growth 
rate  film  is  obtained  We  speculate  that  short  cycling  time  is 
advantageous  to  grow  high  quality  and  hign  growth  rate  dia¬ 
mond  film  by  hot  filament  CVD.  The  sequential  deposition  and 
etching  process  also  leads  to  the  understanding  of  nucleation 
and  growth  of  CVD  diamond. 
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SELECTIVE  AREA  GROWTH  OF  DIAMOND  FILM  USING  ION  PLANTATION 
Ken  Kobavastu,  Sl^  KarasMa,  Takeshi  Watanabe  and  Fiunitaka  Togashi* 
Industrial  Research  Institute  of  Kanagawa  Prefecture 
3173  Showa-machi,  Kanazawa-ku,  Yokohama  236,  J^ran 
^Science  Universi^  of  Tokyo 
1-3  Kagurazaka,  Shinjuku-ku,  Tokyo  162,  J^ran 


Many  studies  have  been  reported  on  the  synthesis  of  dia¬ 
mond  films,  but  the  reports  on  the  selective  area  growdi  have 
been  very  few.  If  one  could  grow  diamond  film  at  any  area, 
many  a^lications  of  diamond  film  would  increase. 

We  investigated  the  influence  of  ion  inqrlantation  on  the 
nucleadon  density  of  diamond.  Ar'^  ions  were  implanted  aha 
scratch  of  Si  surface.  The  experimental  process  is  as  follows: 

(1)  Surface  scratch  of  Si  substrate  for  Smin. 

(2)  Ion  implantation  at  accelerating  energy  of  lOOKeV. 

(3)  Synthesizing  diamond  film  by  electron-assisted  CVD 
methcxl  for  2h. 

We  used  a  metal  mask  easily  made,  but  a  photo-lithography 
or  an  EB-lithograi^  could  be  usable.  Dose  amount  was  varied 
from  1E14  ions/cm^to  1E16  ions/cm^. 


The  nucleation  density  decreased  actxnding  as  dose  amount 
increased.  Fig.  1  shows  images  of  optical  microscopy.  The 
upper  part  was  die  area  Ai*  ions  were  inqrlanted.  There  seems 
to  be  three  levels  of  the  nucleation  density  decreased  by  ion 
implantatiotL  1st  level  was  that  incomplete  film  grew.  2nd  was 
diat  there  were  many  particles.  3rd  was  that  there  were  very 
few  particles.  1st  level  occurred  when  dose  amount  was  under 
SE14.  2nd,  3rd  level  occurred  lElS  and  over  5E1S, 
respectively. 

To  investigate  the  reason  why  ion  implantation  obstructs 
the  growth  of  diamond,  we  used  an  atomic  force  microscopy. 
Surface  morphology  differed  in  accordance  with  the  three 
levels. 


Figure  1.  Images  efseleelive  area  growth. 
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LOW  PRESSURE  DEPOSITION  OF  DIAMOND  FILMS 
THE  INFLUENCE  OF  GROWTH  PARAMETERS  ON  THE  FORMATION 
OF  A  TEXTURED  SURFACE  MORPHOLOGY 
H.  Walcher.  Ch.  Wild.  W.  MilUer-Sebert.  N.  Herres, 

T.  Eckermann  and  P.  Koidl 
Fraunhofer-Institut  f)lT  Angewandte  Festkfiipophysik 
l\illastr.  72,  D-7800  Freiburg,  Germany 


Low  pressure  deposition  of  diamond  is  recendy  finding 
increasing  interest  Several  100  pm  thick  layers  or  free-stand¬ 
ing  films  are  of  special  importance  for  mechanical,  thermal  or 
optical  tqjplicadons. 

It  is  known,  that  the  morphology  and  crystalline  structure  of 
polycnstalline  diamond  films  generally  are  thickness-depen- 
denJ*\  Fibre  textures  with  preferred  growth  along  the  <110> 
or  <100>  directions  are  frequendy  observed^^'.  The  latter 
(lOO)-textured  growth  is  of  special  importance,  since  it  may 
lead  to  a  flat  surface  formed  by  (100)-facet^^^ 

We  report  on  the  microwave  plasma  deposition  of  (100)- 
textuied  diamond  films.  The  texture  development  has  been 


analyzed  as  a  function  of  nucleation  density  and  the  deposition 
conditions,  such  as  process  gas  composition  and  deposition 
temperature.  Texture  formation  has  been  duuacterized  by  X- 
ray  diffiaction  and  the  evaluation  of  the  surface  topognqihy.  It 
is  shown  that  under  optimum  conditions  highly  oriented  films 
with  (100)-facetted  surface  can  be  grown  with  an  angular  vari¬ 
ation  of  the  <10()>  crystallite  direction  of  the  order  of  ±1 
degree. 


[11 C.  WUd,  N.  Hares,  P.  Koidl;  J.  Appl.  Pkys.  68,  (1990)  973. 
[2]C.  Wdd,  P.  Koidl,  N.  Herres,  W.  Mfllla-Sebert,  T. 
Eckermann;  Electrodiem.  Soc.  Proc.  91-8  (1991)  224. 


CHARACTERIZATION  OF  THIN  FILM  DIAMOND  GROWTH  BY  SCATTERING 
OF  UGHT  AND  SURFACE  REFLECTANCE  SPECTROSCOPY 
AM.  Bonnot,  T.  Lopez -Rios,  B.  Mathis,  L.  Magaud  and  F.  Cyrot-Lackmann 
Laboratoire  d'Etudes  des  Propriet6s  Electroniques  des  Solides, 

CNRS,  BP  166, 38042  Grenoble  Cedex  9,  France 


The  growth  of  diamond  on  silicon  making  use  of  a  hot 
filament  and  methane-hydrogen  (0.1%  -  2%)  was  monitored  by 
reflectivity  and  elastic  scattering  of  1.96  eV  radiation.  A  sys¬ 
tematic  study  of  the  influence  of  the  experimental  parametas 
governing  the  diamond  growth  has  been  undertaken  and  corre¬ 
lated  to  the  in-situ  optical  measurements.  Noticeable  changes 
on  the  reflectivity  due  to  the  growth  of  an  intermediate  layer 
prior  to  the  diamond  growth  will  be  discussed.  The  formation 
of  the  transition  laya  produces  little  changes  on  the  scattered 
light  On  the  contrary,  the  beginning  of  the  diamond  growth 


gives  rise  to  a  strong  increase  of  the  scattaed  light  intensity 
which  varies  as  the  squae  of  the  deposition  time  allowing  to 
determine  the  diamond  growth  rate.  Afterwads,  Mie  scattering 
takes  place  giving  rise  to  oscillations  allowing  through  mod- 
elisation  the  determination  of  the  dimension  of  the  diamond 
crystals.  Deterioration  of  the  diamond  quality,  related  to  tite 
presence  of  amorphous  cabon  phases,  manifests  itself  by 
damping  of  the  Mie  oscillations.  Complementary  scanning 
election  miaoscopy  and  Raman  scattering  measurements  will 
be  discussed. 
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CRYSTAL  GROWTH  IN  THE  MINERAL  KINGDOM 
Ichiro  Sunagawa 

Yamanashi  Institute  of  Genunology  and  Jewelry  Arts 
Tokoji-machi  195S-I,  Kofii,  400  Jt^an 


It  has  been  the  main  interests  of  modem  science  and  tech¬ 
nology  of  crystal  growth  to  understand  the  growth  mechanisms 
at  atomic  level  and  to  synthesize  single  crystals  or  thin  films 
with  desired  property,  perfection  and  homogeneity.  To  achieve 
this,  efforts  have  been  made  to  realize  precisely  controlled 
growth  conditions,  mainly  near  equilibrium.  Conditions  under 
which  mineral  crystals  nucleate,  grow  or  dissolve  are  just 
opposite  to  this.  They  are  not  controlled  at  all;  they  range  from 
very  close  to  equilibrium  to  far  apart  from  that;  may  fluctuate 
greatly;  the  chemical  systems  are  extremely  multi-components, 
with  full  of  impuriO'  elements;  the  process  is  impossible  to  be 
observed  directly.  However,  we  must  remember  that  the  sci¬ 
ence  of  crystal  growth  was  bom  from  pure  curiosity  on  mor¬ 
phology  of  mineral  ciystals.  It  started  from  the  work  of  N. 
Steno,  who  put  forward  in  1669  a  concept  of  growth  rate 
anisotropy  to  account  for  the  origin  of  a  variety  of  external 
forms  exhibited  by  natural  quartz  crystals.  Investigations  of 
mineral  growth  give  us  not  only  a  pleasure  to  decode  a  detec¬ 
tive  story  of  the  Earth's  history,  but  also  provide  useful  infor¬ 
mation  for  modem  science  and  technology  of  crystal  growth, 
since  the  Earth  acted  as  a  ceaseless  crucible  to  grow  crystals 


under  extremely  wide  range  of  conditions.  At  the  same  time, 
the  knowledge  achieved  by  the  modem  science  of  crystal 
growth  plays  an  importaitt  new  role  in  understanding  our  Earth, 
where  equilibrium  thermodynamic  analysis  had  been  the  main 
and  unique  methodology  in  the  past 

The  key  codes  to  decipher  the  detective  story  are  properties 
of  mineral  crystals  which  deviate  from  the  ideal  state  such  as 
growth  morphology  of  crystak  surface  microtopography  of 
crystal  faces,  internal  textures,  such  as  growth  sectors  growth 
banding  and  distribution  of  lattice  defects  and  impurities,  tex¬ 
tures  of  crystal  aggregates,  etc.  Although  principal  methodol¬ 
ogy  is  deductive,  it  has  been  possible  to  decode  growth  and 
post-growth  histories  of  mineral  crystals  based  on  the  results  of 
their  characterizatiotL  Diamond  is  a  successful  example  of 
investigations  of  this  type.  In  addition  to  these,  various  experi¬ 
mental  investigations  have  recently  been  made  to  reproduce 
textures  of  terrestrial  and  extra-tenestrial  materials  and  to  in- 
situ  observe  magmatic  crystallization,  which  enriched  our 
understanding  on  the  formation  of  the  Earth  and  Planetary 
materials. 


THE  SEPARATION  OF  NATURAL  FROM  SYNTHETIC  GEM-QUALITY  DIAMONDS 
ON  THE  BASIS  OF  CRYSTAL  GROWTH  CRITERIA 
Emmanuel  Fritsch  and  James  E.  Shigley 
GIA  Research,  Gemological  Institute  of  America 
1660  Stewart  Street,  Santa  Monica,  CA  90404-4088 


One  of  the  most  important  challenges  faced  by  the  gemol- 
ogist  is  the  separation  of  natural  from  synthetic  gem  materials. 
When  properly  identified,  synthetic  gem  materials  are  worth 
only  a  small  fraction  of  their  natural  counterparts.  This  is  a 
particularly  sensitive  issue  for  near-colorless  diamonds,  since 
they  represent  such  a  large  segment  of  the  jewelry  sold  today. 
Using  magnifrcation,  luminescence,  and  spectroscopy  tech¬ 
niques,  a  number  of  characteristic  properties  of  synthetic  dia¬ 
monds  have  been  found  which  help  confirm  their  identity. 

During  their  growth,  synthetic  diamonds  trap  small 
amounts  of  the  metal  flux  (generally  iron-nickel)  they  crystal¬ 
lize  in.  These  geometric  shaped,  metallic  inclusions  are  a  tell¬ 
tale  sign  of  synthetic  origin.  Synthetic  diamonds  are  inert  to 
longwave,  but  fluoresce  moderately  to  shortwave  ultraviolet 
light,  a  behavior  very  unusual  in  natural  gem  diamonds. 

Most  useful,  however,  are  identification  criteria  based  on 
the  morphology  of  the  crystals.  Synthetic  diamonds  show 
cubic  growth  sectors,  which  are  always  absent  from  natural 
diamond  crystals.  When  the  diamond  is  faceted,  these  cubic 
growth  sectors  can  be  recognized  through  "graining,”  color 
zoning,  or  ttregular  distribution  of  the  photo  or  cathodo-lumi- 
nescence. 


Infrared  and  ultraviolet-visible  absorption  spectroscopies 
can  be  useful  in  detecting  the  nature  of  the  impurities  present  in 
a  particular  diamond,  for  example  if  nitrogen  aggregates,  typi¬ 
cal  of  natural  diamonds,  are  present 

Gem  quality  synthetic  diamonds  are  increasingly  clean,  and 
the  latest  commercial  production  diamonds  from  General 
Electric)  contains  no  nitrogeit  which  is  at  the  origin  of  many  of 
the  gonological  criteria  used  to  separate  natural  from  synthetic 
diamonds.  Luminescence  remains  a  very  useful  criterion.  We 
are  cautiously  optimistic  that  we  will  be  able  to  separate  natural 
from  synthetic  near-colorless  diamonds  in  the  future.  Further 
work  would  be  needed  if  there  was  a  large  production  of  com¬ 
mercially  available  crystals  of  gem-quality,  near-colorless  syn¬ 
thetic  diamonds. 

The  new  low-pressure  synthesis  of  diamond  has  already 
produced  materials  of  potential  gemological  interest,  such  as 
faceted,  near-colorless,  natural  diamonds  covered  with  a  thin 
film  of  blue  synthetic  diamond.  This  film  can  be  recognized 
the  irregularities  it  creates  at  facet  jimctions. 
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WHO  FIRST  GREW  DIAMOND:  “THE  DOG  THAT  DID  NOTHING” 

Kurt  Nassau 

Nassau  Consultants,  Lebanon,  NJ  08833 


'Is  there  any  other  point  to  which  you  would  wish  to 
draw  my  attention?" 

To  the  curious  incident  of  the  dog  in  the  night-time.' 

The  dog  did  nothing  in  the  night-time.' 

That  was  the  curious  incident,'  remarked  Sherlock  Holmes. 

Silver  Blaze;  Sir  Arthur  Conan  Doyle 

The  synthesis  of  diamond  was  first  achieved  by  H.  Tracy 
Hall  at  General  Electric  on  Deconber  16, 19S4.  Only  after  the 
GE  announcement  (F.P.  Bundy  et  al..  Nature  176, 51, 1950)  did 
the  Swedish  Company  ASEA  (AUenanna  Swenska  Elektriska 
Aktie-bolaget)  announce  that  H.  Liander  and  E.  Lundblad  had 
in  1953  used  a  cubic  press  to  contain  a  thermite  reaction  which 


produced  some  very  small  diamond  particles  (H.  liander, 
AS£4  Journal  97,  1955).  Details  were  not  published  until 
1960  (H.  Liander  and  E.  Lundblad,  Arkiv  for  Kemi,  139, 
1960),  long  after  GE  had  published  full  details. 

This  naturally  raises  the  question  of  the  title  quotation. 
Possible  reasons  are  discussed  for  this  lack  of  public  aimounce- 
ments  on  the  part  of  ASEA  in  1953,  which  would  undoubtedly 
have  brought  them  much  acclaim,  as  well  as  their  seven  year 
delay  to  release  details.  Also  discussed  are  the  conventional 
criteria  for  claims  of  prioriQr  of  invention.  Since  these  were  not 
met,  scientists  in  general  recognize  the  priority  of  the  GE  dia¬ 
mond  synthesis  work. 
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EFFECT  OF  IMPURITIES  ON  CRYSTAL  GROWTH 
K.  Sangwal 

Department  of  Physics,  Technical  University  of  Lublin 
ul.  Nadbystr^cka  38a,  20-618  Lublin,  Poland 


The  influence  of  impurities  inherently  present  in  growth 
media  and  deliberately  added  to  them  on  crystal  growth  is 
manifested  during  the  process  of  crystallization  in  a  number  of 
ways  [1-3].  An  impurity  may  lead  to  changes  in  three-dimen¬ 
sional  nucleadon  rate  as  well  as  growth  rates  of  different  faces 
of  the  growing  crystal.  In  the  latter  case,  since  the  magnitude  of 
the  change  in  growth  rates  of  different  faces  is  usually  aniso¬ 
tropic,  the  growth  habit  of  a  crystal  is  modified  by  impurities. 
Apart  from  causing  changes  in  nucleadon  and  growth  rates, 
impurides  may  also  be  tr^rped  at  the  growing  interface.  The 
trqrping  or  segregadon  of  an  impurity  may  be  random  and 
homogeneous  in  the  crystal  bulk  or  may  be  preferendal  along 
certain  planes  as  impurity  striadons.  Homogeneous  trrqrping  of 
impurides  takes  place  when  growth  proceeds  under  well  stabi¬ 
lized  condidons.  However,  even  under  well  stabilized  condi- 
dons,  the  presence  of  large  clusters  of  impurides  and 


inhomogeneides  often  produce  voids  and  other  defects  (e.g. 
stacking  faults).  Impurity  striadons  are  produced  in  poorly  sta¬ 
bilized  condidons. 

The  presentadon  will  describe  the  following  topics:  effect 
of  impurides  on  growth  kinedcs  (layer  and  face  displacement 
rates),  growth  habit  and  growth  morphodroms,  effect  of 
inhomogeneides  on  the  growth  of  epitaxial  layers,  and  forma- 
don  of  impurity  striadons. 


1.  H.E.  Buckley,  Crystal  Growth  (Wley,  New  York,  1951). 

2.  AA..  Chernov  et  al.  Modern  Crystallography  HI:  Crystal 
Growth  (Springer,  Berlin  1984). 

3.  K.  Sangwal  and  R.  Rodriguez-Clemente,  Surface 
Morphology  of  Crystalline  Solids  CTrans  Tech,  Zurich 
1991). 


MOLECULAR  DYNAMICS  SIMULATIONS  OF  INTERFACES  BETWEEN 
CRYSTALLINE  UREA  AND  AQUEOUS  UREA  SOLUTIONS 
ES.  Boek,  WJ.  Briels,  J.van  Eerden  and  D.  Feil 
Cherrucal  Physics  Laboratory,  Uruversity  of  Twente 
PO  Box  217, 7500  AE  Enschede,  The  Netherlands 


In  crystal  growth  from  soludon  the  structure  and  dyruunics 
of  the  solvent  close  to  the  crystal  surface  play  a  fundamental 
role.  The  morphology  of  crystals  from  soludon  may  deviate 
dramadcally  from  v^xjur-grown  crystals:  it  has  been  shown 
that  preferendal  adsorption  of  solvent  molecules  on  specific 
faces  may  lead  to  retardadon  of  the  growth  of  these  faces*.  In 
this  study  the  structural  and  dynamical  behaviour  of  water 
molecules  near  several  urea  crystal  surfaces  is  invesdgated  by 
means  of  M.D.  simulations.^  There  were  several  reasons  for 
choosing  this  system: 

1)  From  aqueous  soludon  urea  crystallizes  as  long  needles 
with  large  (110)  and  small  (001)  faces.  Vapour-grown 
crystals  show  the  same  faces  but  are  more 
equidimensionaJ,  which  is  in  good  agreement  with 
theoredcal  habits  derived  from  PBC  and  Ising  theory, 
using  ab  initio  charge  models.^  We  want  to  invesdgate 
whether  water  adsorpdon  is  strongest  on  (110),  causing 
retardadon  of  the  growth  of  this  face. 

2)  A  famous  crystallographic  problem  is  why  only  one  of 
the  faces  (111)  and  (111)  appears  on  urea  crystals  and 
the  other  one  is  never  observed.  PBC  theory  does  not 
discriminate  between  these  two  faces  since  their  slice 
mergies  are  the  same.  Specific  adsorpdon  of  water 
molecules  may  be  an  explanadon. 


The  M.D.  runs  have  been  analysed  in  terms  of  density 
profiles,  posidonal  and  orientadonal  distribudon  fimcdons  and 
diffusion  coefficients.  It  appears  that  the  water  structure  at  the 
interface  is  strongly  determined  by  the  crystal  surface  struc¬ 
ture:  the  (001)  and  (111)  interfaces  show  high  density  peaks 
revealing  strong  adsorpdon  while  the  (110)  and  (111)  inter¬ 
faces  do  so  to  a  lesser  extent  Therefore  the  aj^arance  of  only 
(111)  on  the  growth  form  is  predicted.  In  the  same  way  we 
ought  expect  that  the  growth  of  {110}  is  enhanced  reladve  to 
that  of  {001 }.  On  the  soludon  growth  form  however  {110}  is 
dominant  We  argue  that  this  cannot  be  explained  using  a  sim¬ 
ple  layer  growth  model.  Furthermore  M.D.  simuladons  of 
aqueous  urea  soludons  of  various  coiKentradons  near  inea  sur¬ 
faces  have  been  performed  to  invesdgate  whether  the  water 
structure  close  to  the  interface  is  influenced  by  the  presence  of 
urea  in  soludon.  Finally  some  results  on  free  energy  calcula- 
dons  of  the  desorpdon  of  solid  urea  molecules  from  the  surface 
into  the  soludon  will  be  presented. 

*Z.  Berkovitch-Yellirt  J.  Am.  Chem.  Soc.  107, 8239  (1985). 
^E.S.  Boek,  W.  J.  Briels,  J.van  Eerden  and  D.  FeiL  /•  Chem.  Phys., 
submitted  for  publicadon. 

^E.S.  Boek,  D.  Feil,  W.J.  Briels  and  P.  Bennema,  J.  Crystal 
Growth  114, 389  (1991). 
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BUNDLING  CRYSTALLIZATION  OF  ASPARTAME  FROM 
STAGNANT  AQUEOUS  SOLUTIONS 
NoriaJd  Kubota  and  Tetushi  Mori 
Dqiartment  of  Applied  Chemisby,  Iwate  University 
4-3-S  Ueda,  Morioka,  020  Japan 
Sou  Abe,  Shin’ichi  Kishimoto  and  Satoshi  Kumon 
Process  Development  Laboratories,  Ajinomoto  Co.  Ltd. 

1-1  Suzuki-cho,  Kawasaki-ku,  Kawasaki,  210  Japan 


An  artificial  sweetener  aspartame  [L-a-aspartyl-L-phenyl- 
aJanine-methylester]  crystallizes  from  a  non-stirred  aqueous 
solution  as  bundles  of  thin  needle  crystals.  The  larger  bundles, 
both  in  length  and  diameter,  are  obtained  from  a  highly-con¬ 
centrated  solution  when  it  is  cooled  at  higher  cooling  rates 
without  stifling  [1].  Such  crystallization  behavior  looks  rather 
strange,  since  rapid  cooling  of  the  highly-concentrated  solution 
generally  produces  many  small  crystals  even  without  stirring. 
The  nucleation  and  growth  rates  were  deduced  from  previously 
reported  data  of  the  waiting  time  for  the  primary  nucleation  in 
stagnant  solutions  of  aspartame  sealed  into  glass  ampoules  [2]. 
These  rates  are  shown  as  a  hmetion  of  supercooling  respec¬ 
tively.  Crystallization  behavior  in  a  stagnant  solution  was 
observed  in  a  small  cell  under  optical  microscope  at  different 
cooling  rates  for  different  concentrations  of  aspartame  aqueous 
solutiorL  Photographs  of  the  crystals  were  taken.  Crystalliza¬ 


tion  in  test  tubes  were  also  observed  naked  eyes  under 
non-stirring  condition.  During  cooling,  crystals  qrpeared  one 
after  another  from  place  to  place  in  the  cell  or  in  the  test  tube, 
but  the  convection  flow,  which  was  expected  to  be  induced  by 
heat  of  crystallization,  was  not  observed  in  the  crystallizing 
solution.  The  secondary  nucleation,  which  could  be  induced 
the  convection  flow,  did  not  occur.  A  mechanism  is  proposed 
for  explaining  the  strange  crystallization  behavior  that  the 
larger  bundles  are  obtained  from  a  highly-concentrated  solu¬ 
tion  at  higher  cooling  rate  without  stirring. 


{1]  Kishimoto,  S.  and  M.  Naruse,  J.  Chem.  Tech.  Biotechnol., 
43  (1988)  71. 

[2]  Kubota.  N.  et  al..  J.  Crystal  Growth,  100  (1990)  491. 


GROWTH  KINETICS  OF  SODIUM  CHLORATE  CRYSTALS  GROWN  FROM 
PURE  AND  SODIUM  DITHIONATE  DOPED  SOLUTION 
RJ.  Ristic*,  B.  Shekunov  and  JI<1.  Sherwood 
Departmeru  of  Pure  and  Applied  Chemistry,  Uruversity  of  Strathclyde 
295  Cathedral  Street,  GLASGOW  G1  IXL,  UK 


By  the  interferometric  method  in  situ  and  X-ray  topogra¬ 
phy,  the  growth  of  the  {100),  {110}  and  {111)  faces  of 
NaC103  crystals  from  pure  and  doped  solution  have  been  stud¬ 
ied.  It  was  shown  that  these  faces  grow  in  both  cases  by  a 
dislocation  mechanism. 

Significant  variations  have  been  found  in  the  slopes  of  dis¬ 
location  hillocks  on  the  {110)  and  {Ill)  faces.  An  ex -situ 
X-ray  topogrtqihic  investigation  reveals  helicoidal  dislocations 
in  both  {110)  and  {111}  growth  sectors.  The  crowding  of  these 
dislocations  into  bunches  generating  a  growth  source  is  the 
main  reason  for  oscillations  of  the  steepness  and  its  growth  rate 
of  crystals  grown  either  from  pure  or  doped  solution. 


The  addition  of  a  certain  amount  of  sodium  ditiuonate  as  an 
impurity  produces  a  characteristic  morphologic^'  change  lead¬ 
ing  to  tetrahedral  form.  The  habit  faces  of  a  such  tetrahedron 
are  rounded  {111}  faces  which  are  not  morphologically  stable 
in  the  pure  solution.  The  growth  mechanism  and  stability  of 
these  faces  in  the  presence  of  different  levels  of  sodium  dithio- 
nate  as  an  impurity  has  also  been  considered. 


♦Permanent  address:  Institute  of  Physics,  P.O.  Box  57,  11000 
Belgrade,  Yugoslavia. 
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STUDIES  OF  THE  NATURE  OF  DIFFUSION  LAYER  NEAR  KDP  CRYSTAL 
GROWING  IN  SOLUTION 
Mariusz  J.  Krasinski 
Institute  of  Physics,  Technical  University 
Wolczanska  219. 93  005  Lodz,  Poland 


The  properties  of  crystal-solution  interface  and  properties 
of  transition  layer  in  solution  very  near  crystal  face  are  of 
sptecial  interest  for  proper  understanding  of  crystal  growth  pro¬ 
cess.  Because  systematic  investigations  of  diffusion  layer  are 
siill  rare  it  is  reasonable  to  make  new  systematic  experiments. 

Here  we  present  results  of  investigations  of  nature  of  inter¬ 
facial  layer  near  growing  KDP  crystal  in  solution.  Small  (10  x 
5  X  1. .  .5  mm^)  KDP  crystals  were  grown  (dissolved)  in  thin 
(1.  .  .5  mm)  cell  assuring  near  two  dimen.  'onal  conditions. 
Experiments  were  conducted  at  constant  temperature  for  vari¬ 
ous  super(under)saturations  in  static  conditions.  The  distribu¬ 
tion  of  concentration  near  crystal  Tace  was  detected  with  the 
use  of  Mach-Zehnder  interferometer  and  moire  fringes  method 
for  better  detection  of  concentration  gradients. 

Thanks  to  interferometric  method  it  was  possible  to  detect 
real  supersaniration  =  (Ciniaftce-CequaibriumVcbuik  existing 
on  the  crystal  face.  This  supiersaturation  is  more  suitable  for 
description  of  crystallization  process  than  bulk  sujjersaturation 
t^bulk  h  is  possible  to  calculate  supersaturadon  index  I, 
=  Ojeai/Obuik  what  enables  us  to  determine  relation  between 
surface  kinetics  and  mass  transport  in  solution. 

The  results  of  investigation  can  be  summarized  as  below: 


diffusion  layer  thickness  varies  from  100  to  400  |xm  and 
slightly  increases  on  supersaturatitm  only  for  small 
super(under)saturations 

-  the  supersaturadon  index  I,  for  growth  decreases  from 
0.8  for  small  supo'saturadons  (surface  kinedcs  regime) 
to  0.45  for  Oi,uik=16%  (mixed  regime) 

-  dissoludon  process  is  not  fully  diffusion  controlled 

-  the  growth  rate  R  dependence  on  concentradon  gradient 
(dc/dx)i,u  near  crystal  face  is  linear  but  for  big  gradients 
(connected  with  big  supersaturadons)  nonlinearity  can 
be  detected.  The  calculated  on  this  basis  diffusion 
coefficient  in  the  diffusion  layer  is  approx  50%  higher 
than  for  pure  soludon  and  slighdy  decreases  for  big 
supiersaturadons 

-  even  for  thin  cells  convecdon  remains  signifreant  way  of 
mass  transport 

-  surface  kinedc  coefficient  P  (0.00088  m/s)  was 
calculated  from  experimental  data. 

In  the  paper  the  analysis  of  results  with  the  use  of  hydrody¬ 
namics  properties  of  the  cell  is  presented.  It  can  be  shown  that 
results  can  be  quite  well  explained  with  the  use  of  diffusion- 
convecdon  concept 


THE  INFLUENCE  OF  CRYSTAL  PERFECTION  ON  THE  GROWTH  KINETICS 
OF  POTASH  ALUM  SINGLE  CRYSTALS 
1.  Dislocation  characterisation  in  crystals  grown  by  seeded 
solution  ^wth  under  conditions  of  low  supersaturation 
HL.  Bhar^\  R.I.  RistkP\  JU.  Sherwood  and  T.  ShripaShP'^ 

Department  of  Pure  and  Applied  Chemistry,  University  of  Strathclyde 
Glasgow  G1  IXL,  Scotland 


An  experimental  analysis  has  been  carried  out  of  the  gene¬ 
sis  and  character  of  growth  dislocations  present  in  ail  growth 
sectors  of  single  crystals  of  potash  alum.  The  crystals,  grown 
from  seeded  soludons  by  the  temperature  lowering  method 
under  condidons  of  low  supersaturadon,  presented  the  well 
developed  forms:  {111}  dominant,  (lOO)  and  (100).  Growth 
dislocadons  formed  predominately  during  refacetdng  of  the 
edges  and  comers  of  the  seed,  rounded  during  prepiaradon  and 
inserdon  into  the  supersaturated  soludon.  From  here  they 
become  refracted  into  the  (111)  sectors  which  ptroved  to  be  the 
most  defeedve.  Smaller  numbers  of  dislocadons  form  at  the 
(111),  ( 100)  and  ( 1 10)  seed  interfaces  and  propagate  in  these 
sectors.  In  crystals  of  inferior  quality  a  number  of  inclusions 
were  found  predominantly  in  the  fast  growing  (100)  sectors 


which  become  the  source  of  addidonal  dislocadons.  Disloca¬ 
dons  present  in  the  original  seed  did  not  propagate  across  the 
interface  into  the  developing  crystal.  Dislocadons  of  all  charac¬ 
ters  were  observed.  The  principal  Burgers  vectors  were  found 
to  be  <100>,  <110>  and  <111>. 


Permanent  Addresses: 

^Department  of  Physics,  Indian  Institute  of  Science, 
Bangalore-560012,  India 

^Insdtuie  of  Physics,  P.Box  57  11000  Belgrade,  Yugoslavia. 
^IntcT  University  Consortium,  University  Campr '  Indore  (MP) 
452001,  India. 
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THE  STUDY  OF  THE  GROWTH  MECHANISM  OF  POTASH  ALUM  CRYSTALS 
RJ.  Ristic*,  B.  Shekunov  and  JM.  Sherwood 
Department  of  Pure  and  Applied  Chemistry 
University  of  Strathclyde,  295  Cathedral  Street 
Glasgow  G1  IXLUK 


Previous  studies  of  the  growth  kinetics  of  potash  alum  crys¬ 
tals  have  indicated  a  significant  variation  of  growth  rate  and 
highlighted  the  role  played  by  dislocations. 

In  the  current  work,  by  using  Michelson  interferometry 
combined  with  X-ray  topography,  a  more  detailed  examination 
of  the  growth  kinetics  of  the  (100),  (110)  and  (111)  faces  of 
potash  alum  is  made.  It  was  shown  that  these  faces  grow  by 
dislocation  mechanism. 

The  dislocation  hillocks  can  spontaneously  change  their 
slopes  and  have  a  short  lifetime.  This  phenomenon  was  typical 
for  those  hillocks  observed  on  the  (110)  faces.  As  a  conse¬ 
quence,  the  source  activity  and  values  of  normal  and  tangential 
velocities  of  movement  of  the  hillock  slopes  change  periodi¬ 
cally.  Also,  the  variation  of  number  of  active  growth  centres  on 


the  (100)  faces  at  constant  external  growth  conditions  have 
been  observed. 

Step  velocity  was  measured  over  a  large  rartge  of  siqretsatu- 
ration  and  shows  well  defined  a  linear  dependence  for  all  ftK:es. 
At  higher  supexsaturations  the  steps  develop  a  zig-zag  form 
due  to  the  competition  between  anisotropic  stq3  velocity  and 
variation  of  supersaturation  along  the  growing  surface. 

Kinetic  growth  parameters  for  the  observed  faces  were 
determined  and  the  obtained  results  have  been  considered  in 
the  broader  context  of  growth  rate  variation  in  potash  alum 
crystals. 

Permanent  address:  Instimte  of  Physics,  P.Box  57,  11000 
Belgrade  Yugoslavia. 


CRYSTAL  GROWTH  AND  CHARACTERIZATION  OF  MgHP04.3H20* 
B.C.  Sales,  B.C.  Chakoumakos,  LA.  Boatner  and  J.O.  Ramey 
Solid  State  Division,  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN 


Synthetic  crystals  of  the  mineral  newberyite 
(MgHP04*3H20)  were  grown  from  an  aqueous  solution  con¬ 
taining  Mg(N03)2*6H20,  H3PO4  and  urea.  The  slow  thermal 
decomposition  of  urea  (at  60*C)  was  used  to  increase  the  solu¬ 
tion  pH  which  resulted  in  the  nucleation  and  growth  of  rela¬ 
tive^  large,  optically  clear  newtsryite  crystals  (5x5x5 
mm^).  The  mineral  newberyite  is  currently  found  in  bat  guano, 
urinary  stones  and  animal  calculi.  In  the  ancient  ocean,  before 
the  development  of  life,  newberyite  was  probably  the  dominant 
phosphate  mineral  and,  hence  may  have  played  a  role  in  the 
evolution  of  life  on  fr  The  present  interest  in  newbery- 

ite,  however,  is  related  lu  on  unusual  crystalline-to-amor{^ous 
transition  that  occurs  during  heating.  This  transition  is  investi¬ 
gated  using  high-performance  liquid  chromatography  (HPLC), 
x-ray  diffraction  (XRD),  differential  scanning  calorimetry 
(DSC),  and  thermogravimetric  analysis  (TGA),  The  dehydra¬ 
tion  of  newberyite  results  in  amorphous  x-ray  diffraction 
(XRD)  patterns  that  remain  essentially  unchanged  over  the 


interval  between  150  and  600'C.  In  contrast,  over  the  same 
temperature  interval,  the  HPLC  results  show  a  dramatic  evolu¬ 
tion  in  the  distribution  of  chains  of  comer-linked  PO4  tetrahe- 
dra  resulting  in  the  formation  of  chains  up  to  13  PO4  tetrahedra 
in  length.  Above  600'C,  crystalline  Mg2p207  is  termed.  At 
each  aimealing  temperature  the  distribution  of  fAosphaie 
anions  is  in  agreement  with  theory.  During  the  crystalline-to- 
amoTjdious  transition  die  original  crystal  sh^re  is  ptreserved 
even  though  the  crystals  lose  up  to  36%  of  their  original 
weight  High  pressure  DSC  experiments  with  newberyite 
resulted  in  the  formation  of  a  unique  crystalline  phosphate 
phase  that  contained  equal  amounts  of  orthophosphate  and 
pyrojdiosphaie  anions. 

^Research  sponsored  by  the  Division  of  Materials  Sciences, 
U.S.  Department  of  Energy  under  contract  no. 
DE-AC05-840R21400  with  Martin  Marietta  Energy  Systems, 
Inc. 
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GROWTH  MORPHOLOGY  OF  BERLINITE  CRYSTALS  OBTAINED 
UNDER  HYDROTHERMAL  CONDITIONS 
/.  Gomez-Morales*,  R.  Rodriguez*,  J.  Durand**  andL.  Cot** 
*Institut  de  Ciencia  dels  Materials  de  Barcelona, 

C,S  J.C.  Campus  U A.B.,  08193  Cerdanyola,  Spain 
♦♦Laboratoire  de  Physicochimie  des  Materiaux,  CNRS-ENSC, 

8,  me  Ecole  Noimale,  340S3  Montpellier  Cedex  1,  France 


The  growth  morphology  of  Berlinite  (AIPO4)  crystals 
obtained  under  hydrothermal  conditions  depends  of  the  solvent 
employed  (H3P04,  HCl,  H2SO4,  and  their  mixtures)  and  the 
crystallization  temperature.  We  have  constructed  a  morpholog¬ 
ical  diagram  (moiphogram)  showing  the  habits  resulting  by 
changing  the  relative  rates  of  growth  of  the  r,  (lOTl),  and  n, 
(IOT2},  faces  respect  to  m,  (lOTO),  and  keeping  constant  and 
equal  to  0.9  the  relations  between  the  first  two  types  of  faces 
and  the  rates  of  growth  of  the  z,  {0111 },  and  Tc',  (0112),  faces 
respectively.  In  the  moiphogram  we  distinguish  4  zones:  R] 
where  the  most  important  faces  are  r  and  z,  R2  where  the 


crystal  habit  is  dominated  mainly  by  m,  n  and  n'.  In  R3  the 
main  faces  are  it  and  it',  with  a  little  development  of  m.  HnaUy 
sector  R4  is  composed  by  n,  n',  r  and  z. 

From  the  resulting  crystals  and  the  moiphogram,  it  can  be 
observed  that  the  crystals  grown  from  H3PO4  fall  in  the  Rj 
region,  those  grown  from  HCl  solutions  fall  in  the  R2  region 
and  those  grown  in  H2SO4  in  the  R3  region.  The  crystals  grown 
in  H3PO4-HCI  mixtures  present  morphologies  situated 
between  Ri  and  R2,  while  those  obtained  from  mixtures 
H2SO4-HCI  are  in  between  R2  and  R3.  The  rise  of  temperature 
usually  produce  a  greater  development  of  the  prismatic  face  m. 


CRYSTAL  GROWTH,  MORPHOLOGY,  STRUCTURE  AND  PROPERTIES 
OF  SOME  SUPERSONIC  PYROPHOSPHATES 
K.  Byrappa,  B.V.  Umesh  Dutt  and  G.S.  Gopalakrishna 
The  Mineralogical  Institute,  University  of  Mysore 
Manasagangotri,  Mysoie-S70  006,  India 
S.  Galt 

Department  de  Crystal.lografia  i  Diposits  Minerals  Universitat  de  Barcelona 
Facultat  de  Geologia  Marti  i  Franques  s\n  08028  Barcelona,  Spain 


Sodium  superionic  conductors  find  great  applications  in 
high  temperature  batteries,  fuel  cells,  gas  sensors,  electrochro- 
mic  displays  etc.  Several  new  compounds  with  mixed  frame¬ 
work  structures  based  on  the  structure  of  NASICON  have  been 
reported  in  the  literature.  However,  all  these  supeiionics  belong 
to  the  orthogroup.  Recently,  t..e  research  group  at  the  Univer¬ 
sity  of  Mysore  has  reported  high  ionic  conductivity  in  a  series 
of  condensed  phosphates,  especially  in  pyrophosphates.  This 
has  opened  a  new  trend  in  the  search  for  sodium  suprerionic 
conductors  in  other  condensed  radicals,  not  only  among  phos¬ 
phates  but  also  among  silicates,  geimanates,  vanadates  and 
other  related  tetrahedral  complexes.  In  the  pa-esent  repwrt  the 
authors  describe  the  crystal  growth,  morphology,  structure  and 
pnopteities  of  Na2MZr(P207)2  (where  M  =  Ni,  Co,  2ii,  Cd), 
(Na2/3Zri/3)2P207,  Na2H3Al(P2p7)2,  Na2CaMn2(P207)2 
NaMP207  (where  M  =  Co,  Fe,  Ni). 


All  these  new  suprerionics  have  been  obtained  by  hydrother¬ 
mal  technique  through  spwntaneous  nucleation  within  a  wide 
range  of  PT  conditions  (T  =  240-600'C,  P  =  50-2(XK)  bars).  An 
emphasis  is  made  on  the  search  for  optimum  growth  conditions 
in  order  to  obtain  these  compounds  in  the  form  of  single  crys¬ 
tals.  Crystal  growth  with  reference  to  the  suitable  solvent  selec¬ 
tion,  solvent-solute  interaction  has  been  discussed.  The  crystal 
morphology  of  these  pyrophosphates  is  very  interesting  and  it 
varies  deprending  upxm  the  nutrient  compxrsition,  growth  condi¬ 
tions  and  structure  of  these  compounds.  A  brief  survey  of  the 
crystal  structure  of  these  new  suproionic  pyrophospdiates, 
which  usually  crystallize  in  the  lower  symmetry  will  be  given. 
Ultimately  the  electrical  corductivity  and  other  related  p»-op>er- 
ties  of  these  new  suprerionics  would  be  discussed. 
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HYDROTHERMAL  SYNTHESIS  OF  NEW  POTASSIUM  NEODYMIUM  SIUCATES 
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Cambridge,  MA  02139 
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We  have  hydrothermally  synthesized  micro-crystals  of 
eight  potassium  neodymium  silicates  (PNS's)  as  possible  fast 
ion  conductor’s  (HC’s).  PNS’s  are  interesting  as  FIC’s  because 
srane  of  them  have  open  channels  in  their  structure.  In  addi¬ 
tion.  as  in  the  case  of  NASICON,  it  should  be  possible  to 
substitute  framework  cations  of  different  size  or  valence,  thus 
tailoring  the  structure  to  optimum  transport  properties.  Proce¬ 
dures  for  the  preparation  of  (l)K3NdSi^iS  (Pbam), 
(2)K6Nd3Si2o044  (Bb**),  (3)K8Nd3Sii20320H  (PI), 

(4)KioNd4Sii4039  (Pn**),  (5)KNd9(Si04)<i02  (P63), 

(6)K3NdSiAs  (P3**),  (7)K4Nd2Sig02i  (C222,).  and 
(8)Ki2Nd2Si,g045  (2/mI**n)  were  discovered.  (2),  (4),  (6).  (7) 
and  (8)  are  previously  unreported  and  the  growth  conditions 
for  (1),  (3)  and  (S)  have  not  been  given  previously.  We  report 
the  conditions  under  which  each  {diase  has  been  synthesized, 
and  discuss  some  aspects  of  the  relevant  silicate  phase  equilib¬ 
ria.  In  general,  synthesis  was  carried  out  using  a  glass  of  high 
silica  content  (4K20*Nd203*17Si02  or  4K2Q*NdiC)3*34Si02) 
or  a  mixture  of  the  appropriate  oxides  as  the  precursor  material. 
The  glass  was  prepared  by  mixing,  calcining  and  then  melting 
the  required  amounts  of  Nd203,  vitreous  SA,  and  K2CO3. 
Aqueous  solutions  of  KOH,  K2CO3,  K2B4Q7,  KF,  or  KHF2, 


served  as  the  solvent.  Pressures  employed  ranged  horn  0.5  to 
13k  bar,  and  temperatures  from  3S0-600‘C.  Isothermal  synthe¬ 
sis,  typically  conducted  in  a  Tuttle  type  autoclave,  yielded 
crystalline  powders.  Synthesis  carried  out  under  a  temperature 
gradient,  typically  in  a  Morey  autoclave,  yielded  crystals  as 
large  as  3mm  x  2mm  x  2mm  for  some  phases.  Conqxrsition 
measurements  were  made  on  electron  micro-probe  and  X-ray 
powder  diffraction  data  were  collected  on  a  powder  diffracto¬ 
meter  and  single  crystal  intensi^  data  for  K3NdSi^iS  and 
KgNd3Sii20320H  on  a  four-circle  diffractometer.  Crystallo- 
gra{diic  data  for  the  remaining  phases  were  determined  from 
precession  x-ray  camera  photographs. 

Conductivity  measurements  are  reported  for  six  of  the  com¬ 
pounds.  (4)  has  the  highest  conductivity  which  however  was 
much  lower  than  practical  superionic  conductors  like  beta  alu¬ 
mina.  However  the  correlation  of  structural  and  conductivity 
data  enables  one  to  begin  to  understand  how  to  design  better 
open  channel  conductors.  The  potential  for  hydrothermal 
growth  in  the  exploration  and  understanding  of  ionic  conduc¬ 
tors  is  emi^asized. 
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MICROSCOPIC  CONDENSATION  PROCESSES  OF  NIOBIUM 
MICROCLUSTERS  IN  SPUTTERING 
Kozo  Obara 
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Microscopic  data  and  analyses  of  condensation  of  sputtered 
niobium  particles  are  presented.  Niobium  particles  v/ae 
formed  a  conventional  magnetron  sputtering  system.  Sput¬ 
tered  particles  are  composed  of  negative,  positive  and  neutral 
particles.  The  sputtering  chamber  was  separated  from  the 
growth  chamber,  in  which  the  pressure  is  four  order  Iowa-  than 
that  in  the  sputtering  one,  by  the  orifice  with  a  diameter  1mm. 
The  momentums  of  particles  through  the  orifice  were  obtained 
by  magnetic  field  deflection  method.  The  energies  of  particles 
were  obtained  by  retarding-potendal  method.  From  the 
obtained  momentums  and  energies,  the  masses  and  speeds  of 
particles  were  estimated.  The  number  of  particle  was  estimated 
from  the  detected  ion  current  intensity.  Figure  1  shows  the 
particle  density  distribution  of  negative  particles  in  momentum 
space  at  0.3  Torr  argon.  The  peaks  indicated  by  Nj  (i=l,23) 
show  negative  particles.  The  speed  distribution  of  the  particles 
with  the  same  mass  in  the  broad  peak  N3  is  i^iproximately 
expressed  by  the  Maxwell  distribution  of  speeds  but  the  peaks 


Ni  and  N2  are  not  The  peaks  N]  and  N2  ate  considerably 
sharper  than  the  Maxwell  distribution.  The  speed  of  the  peak 
N2  is  nearly  equal  to  that  of  the  peak  Nj.  The  number  of 
niobium  atoms  of  the  peak  Nj  and  N2  are  2  and  20,  respec¬ 
tively.  we  found  six  peaks  with  the  same  speed.  The  masses  of 
these  peaks  are  N=2, 8, 20, 40,  S8  and  138,  respectively.  These 
series  of  mass  numbers  were  explained  by  the  electronic  shell 
model.  The  region  indicated  by  Pj  (i=l,2)  shows  the  positive 
particles.  These  features  show  two  condensation  processes 
from  niobium  atoms  with  high  temperature.  Finally,  we  con¬ 
clude  that  there  are  two  condensation  processes  for  the  sput¬ 
tered  particles  with  high  energies.  One  is  the  process  for 
thermalization,  in  which  the  kinetic  energy  is  lost  by  the  colli¬ 
sion  of  between  particles.  The  other  is  the  process,  in  which  the 
kinetic  energy  of  particle  is  conserved  when  the  particles  col¬ 
lide.  These  two  processes  depend  on  the  electronic  structures 
of  clusters  and  influence  the  morphology  of  the  microciystals. 


Figure  1.  Particle  densUy  distribution. 
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OPTICAL  ABSORPTION  SPECTRA  OF  AU2  AND  C112  IN 
GAS  EVAPORATION  TECHNIQUE 
Tsugio  Okazaki  and  Yakachi  Scuta* 
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*Department  of  Electrical  and  Electronic  Engineering, 
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When  a  metal  is  evaporated  in  an  inactive  gas  at  a  low 
pressure,  a  smoke  consisting  of  ultra  fine  particles  is  formed 
(called  gas  evaporation  technique)[l].  Emission  of  light  is 
observed  from  a  vqmr  zone  around  the  evqmradon  source. 
The  color  of  light  is  characteristic  of  metal,  e.g.  great  for  Au 
and  blue  for  Cu.  The  visible  light  are  attributed  to  the  elec- 
tronic  transition  of  dimers  firom  excited  states  to  the  X  state[2]. 
In  order  to  take  an  absorption  spectrum,  the  vapor  zone  in  a 
smoke  is  shined  by  a  collimated  white  light  beam  fiom  a  xenon 
lamp  and  the  light  which  passes  through  the  smoke  is  analyzed 
by  a  monochromator.  A  typical  spectrum  of  Au2  fiom  222  to 
229nm  is  shown  in  Fig.  1.  The  D-X  band  system  reported  by 
Klotzbucher  and  Ozin  [3]  is  observed.  Howeva,  precise 


molecular  constants  are  not  known.  We  derived  the  constants 
of  band  origin  and  vibrational  constants  of  D  state  as  follows: 
voo=44462.2  cm"',  coo=1683  cm"*,  cooxo=0.63  cm"*.  The  con¬ 
stants  of  the  Iowa  state  is  coincident  with  the  constants  of 
ground  state.  In  the  study  of  the  Cu2,  unknown  constants  of  H, 
I  and  J  states  are  also  determined  and  revised. 


[1]  R.  Uyeda:  Morphology  of  Crystal,  e.  L  Sutragawa  (Terra 
Scientific,  Tokyo,  1987)  Chap.  6. 

[2]  Y.  Saito:  Jpn.  J.  Appl.  Pkys.  28(1989)  L2024. 

[3]  W.E.  Klotzbucha  and  GA.  Ozin:  Inorg.  Chem.  12(1980) 
3767. 


Figure  I.  Absorption  spectrum  of  D-X  band  xystem  of  Auz 
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STRUCTURE  OF  ALLOY  AND  OXIDE  PARTICLES  PRODUCED  BY  THE 
REACTION  BETWEEN  ULTRAFINE  PARTICLES  AND  FILMS 
Y.  Saito,  K.  Ohtsuka,  T.  Watanabe  and  C.  Kaito 
Department  of  Electronics  and  Information  Science 
Kyoto  Insdmte  of  Technology,  Matsugasaki,  Sakyo-lcu,  Kyoto,  606,  Japan 


The  ordered  phase  of  FesoNiso  which  is  called  tetrataenite 
was  the  one  of  the  important  mineral  in  meteorite.  It  is  not 
possible  to  produce  tetrataenite  phase  in  laboratory  by  conven¬ 
tional  heating  of  laboratory  Fe-Ni  alloys.  We  produced  the 
tetrataenite  particles  by  the  gas  evaporation  method  by  using 
the  coalescence  in  smoke[l,2].  The  ordered  particles  can  be 
produced  above  200*C  by  the  coalescence  of  Fe  and  Ni  parti¬ 
cles  in  short  time  of  10'^  -  10'^  sec.  Another  method  to  produce 
the  ordered  structure  were  neutron[3]  or  high  energy  elec- 
tron[41  irradiations. 

In  this  p^rer,  the  extraterrestrial  important  materials  such  as 
Fe5oNi5o  ordered  phase  and  MgSi03(enstatite)  have  been  pro¬ 
duced  by  the  reaction  between  particles  and  thin  films.  Since 
both  ultrafine  particles  and  thin  film  are  transparent  for  elec¬ 
tron  beam,  the  piroduction  process  of  the  alloy  or  the  compound 
oxide  can  be  directly  observed  by  an  electron  microscope. 

Fe  thin  films  were  prepared  by  a  vacuum  evaporation 
method  on  NaCl  substrates.  After  Ar  gas  at  13kPa  was  intro¬ 
duced  to  the  vacuum  chamber,  Ni  ultrafine  particles  were 
deposited  onto  the  Fe  films.  The  Fe  films  with  the  Ni  particles 
were  heated  at  various  temperature  without  exposure  to  air.  An 
ordered  phase  of  Fe^oNiso  was  clearly  produced  by  the  heating 
at  300*C  for  1  hour.  The  alloy  produced  by  the  reaction 
between  the  films  and  the  particles  by  the  mutual  diffusion  of 
Fe  and  Ni  atoms.  In  the  initial  stage,  the  alloys  are  formed  at 
the  interface  between  the  Fe  films  and  the  Ni  particles.  With 
the  initial  formation  of  the  alloys  by  the  mutual  diffusion,  Fe 


and  Ni  atom  vacancies  are  formed  in  the  film  and  the  particles, 
respectively.  The  vacancies  produced  by  the  mutual  diffusion 
more  accelerate  the  diffusion.  Since  the  diffusion  rate  of  Ni  in 
Fe  is  faster  two  order  than  that  of  Fe  in  Ni,  the  reaction  proceed 
into  the  Fe  films  predominantly.  As  a  result,  the  ordered  phase 
particles  are  produced  in  the  Fe  films.  It  can  be  concluded  that 
the  ordered  phase  can  be  produced  at  low  temperature  for  short 
time,  because  the  vacancies  reduce  the  reaction  temperature  or 
accelerate  the  atom  diffusion  in  the  Fe  film. 

In  the  case  of  production  of  MgSi03  particles.  Mg  tiltrafine 
particles  and  SiO  thin  film  were  used.  By  the  heating  at  400*C 
MgO  particles  about  ~100  nm  in  size  have  bear  produced  by 
the  reaction  between  the  Mg  particles  and  the  SiO  films.  Above 
4S0*C  in  addition  to  the  MgO  particles.  MgSi03,  particles 
were  produced.  At  500‘C.  MgSi03  particles  were  predomi¬ 
nantly  produced  by  the  diffusion  of  Mg  atoms  into  the  SiO 
films. 


[1]  C.  Kaito  and  Y.  Saito,  Proc.  Jpn.  Academy  65  Ser.  B  (1989) 
125-128. 

[2] T.  Nagata,  C.  Kaito,  Y.  Saito  and  M.  Funaki,  Proc.  NIPR 
Symp.  Antarct.  Meteorites.  4  (1991)  404-419. 

[3] L.  N6el.  J.  Pauleve,  R.  Pauthenet,  J.  Lugier  and  D. 
Dautieppe,  J.  Appl.  Phys.  35  (1964)  873-877. 

[4]  A.  Chamberod,  J.  Laugier  and  JAl.  Penisson.  J.  Magn. 
Magn.  Mineral.  10  (1979)  139-144. 
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One  of  the  advanced  method  for  producing  clusten  is  the 
so-called  “gas  evapolation  technique”  in  which  a  matenial  is 
heated  in  an  atmosphere  of  inert  gas.  Since  almost  all  of  the 
particles  produced  are  30~200nm  in  size,  the  production  of  the 
clusters  of  the  order  of  lOnm  is  very  difficult  In  this  paper,  it 
has  been  shown  that  copper  clusters  of  -lOnm  in  size  can  be 
pnxluced  through  oxidation  and  reduction  process  of  ultra&ie 
copper  particles. 

The  ultraflne  copper  particles  produced  in  Ar  gas  pressure 
at  13kPa  were  collected  on  carbon  or  SiO  thin  films  supported 
on  stainless  steel  electron  microscope  grids.  The  particles  were 
oxidized  in  air  at  200‘C  for  a  few  minutes.  After  that,  the 
specimen  was  heated  at  300^C  for  about  30  minutes  in  an 
electron  microscope  by  Hitachi  H-8101  specimen  heater 
holder.  Oxidation  took  place  on  the  surface  of  the  ultraEne 
particles.  The  particles  were  coveted  with  CU2O  layer  whidi 
were  composed  of  crystallites  of  a  few  nm  in  size.  The  thick¬ 
ness  of  the  oxide  layer  increased  by  the  oxidation  time.  Com¬ 
pletely  oxidized  particles  became  the  spherical  shell  with  oxide 
layer[l].  By  the  heating,  the  oxidized  particles  having  the 
spherical  shell  in  vacuum  at  300*C,  reduction  of  the  CutQ 
layer  took  place[2].  Almost  all  of  die  particles  were  rebirth  to 
copper  clusters  with  the  size  of  ~10nm.  The  coalescence  of  the 
formed  copper  clusters  took  place,  then  lOOnm  size  of  the 


copper  particles  sometimes  appeared.  A  reduced  CutQ  small 
cluster  of  -Snm  size  has  beoi  sometimes  observed  even  when 
the  specimen  was  reduced  about  1  hour.  The  cluster  has  a  super 
structure  which  is  due  to  the  reduction  of  oxygen  atom  l^er  in 
CU2O  crystal. 

The  copper  panicles  covered  widi  oxide  layer  contain  voids 
or  void  clusters.  These  particles  were  recovered  to  the  original 
copper  particles  by  the  reducdotL  The  void  clusters  were  also 
filled  up  widi  copper  atoms.  For  example,  a  copper  particle  of 
86nm  in  size  was  covered  with  oxide  layer  of  llnm  by  heating 
at  200*C  for  1  minute  in  air.  Then  the  size  of  the  particles 
covered  with  oxide  layer  become  lOSnnL  By  die  reducticm  at 
300‘C  for  IS  minutes,  die  oxide  layer  disappeared  and  die 
copper  particles  of  86nm  size  qipeared.  The  number  of  die 
copper  atoms  moved  in  the  process  is  8x10^  which  corresponds 
to  the  number  including  in  a  copper  crystal  particle  of  30  nm  in 
size. 


[1]  C.  Kaito,  K.  Fujita  and  H.  Hashimoto,  Jpn.  J.  Appl.  Phys., 
12,  (1973),  489-496. 

12]  C.  Kaito,  Y.  Nakata,  Y.  Saito,  T.  Naild  and  K.  Fujita,  J. 
Crystal  Growth.  74,  (1986),  469^79. 
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During  ICCG9  we  proposed  to  use  the  vanishing  of  a  prop¬ 
erly  defined  surface  shear  modulus  as  a  fundamental  criterion 
for  surface  melting  [1],  This  idea  has  been  worked  out  now, 
and  it  has  been  apphed  to  the  surface  of  a  Lennard-Jones 
crystal  model. 

In  the  course  of  our  research  it  turned  out  that  a  proper 
definition  of  local  stress  and  (bi)local  elastic  constants  is  not 
trivial.  Of  course  a  minimum  requirement  of  such  definitions 
should  be  that  integration  of  the  local  stress  and  elasticity  fields 
over  the  whole  system  volume  should  give  the  average  value  of 
these  fields  multiplied  with  the  system  volume.  For  these  aver¬ 
age  values  exact  expressions  iyirial  expressions)  are  readily 
available  in  text  books  [2].  Our  original  idea  [1]  basically  was 
to  decompose  the  global  virial  expressions,  and  to  define  a 
local  field  at  r  as  the  contribution  from  atoms  in  the  neighbor¬ 
hood  of  r. 

This  type  of  definition,  however  turns  out  to  be  inconsis¬ 
tent  E.g.,  in  a  liquid  Lennard-Jones  system  we  found  that  the 
global  value  of  the  shear  modulus  was  zero,  but  the  value  of  the 
local  shear  modulus  (averaged  over  a  slice  of  atomic  thickness) 
was  positive  when  calculated  with  the  decomposition  Qrpe  of 
definition.  Closer  inspection  of  the  derivation  of  the  virial 
expressions  revealed  that  the  decomposition  is  reliable  only 
when  the  field  vary  slowly  on  the  scale  of  the  range  of  the 
interaction  potential.  As  the  range  of  our  modified  Lennard- 
Jones  potential  conesponds  to  several  atomic  layers,  we  can 


not  use  the  decompwsition  method  to  calculate  the  elasticity 
tensors  per  atomic  layer. 

The  essential  new  idea  is  to  describe  the  interatomic  forces 
in  terms  of  momentum  transfer.  Conceptually  one  introduces  a 
virtual  particle  current  between  the  interacting  atoms.  This  cur¬ 
rent  contributes  to  the  total  force  on  a  plane  when  it  crosses  the 
plane.  In  this  spirit  a  local  stress  tensor  as  well  as  a  bi-local 
elasticity  tensor  can  be  defined  for  arbitrary  positions  in  space 
(even  when  no  atom  is  present  at  that  particular  position).  It  is 
then  a  matter  of  mathematics  to  show  that  integrating  the  thus 
defined  local  stress  and  elasticity  tensors  over  the  system  vol¬ 
ume  leads  to  the  global  virial  expiressions  found  in  the  standard 
literature. 

We  have  applied  the  new  definitions  to  the  Leimard-Jones 
system  [3].  As  required  we  found  that  the  local  shear  modulus 
of  a  liquid  system  vanishes.  Moreover  we  studied  the  (001) 
surface  of  a  Leonard  Jones  crystal  and  the  results  pointed  at  a 
surface  melting  point  of  (69  ±  1)K  which  would  be  below  the 
bulk  melting  point  of  (72  ±  1)K.  Work  is  in  progress  for  the 
(111)  surface  as  well. 


[1] J.P.  van  der  Eerden,  A.  Roos  and  J.M.  van  der  Veer,  J. 
Crystal  Gr.  99(1990)17. 

[2] L.D.  Landau  and  E.M.  Lifshitz,  Theory  of  elasticity, 
Pergamom  Press  (1959). 

[3]  J.P.  van  der  Eerden,  H.J.F.  Knops  and  A.  Roos,  J.  Chem. 
Phys.  (1991). 
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Clusters  represent  a  new  class  of  material  particles  expected 
to  have  chemical  and  physical  properties  that  span  the  range 
from  molecular  to  bulk  and  have  invited  intense  interest  in 
recent  years.  One  of  the  reasons  by  which  the  properties  of 
clusters  are  of  intrinsic  interest  is  that  we  can  understand  the 
crystal  growth  processes  on  a  microscopic  level.  In  the  case  of 
polydisperse  systems  non-steady  state  processes  like  Ostwald 
ripening  and  recrystallisation  may  occur.  Every  time  a  new 
atom  or  a  molecule  or  a  small  aggregate  of  these  condenses  on 
to  a  cluster,  the  atoms  in  the  cluster  may  completely  rearrange 
themselves  and  the  cluster  may  reconstruct.  It  will  be  interest¬ 
ing  to  know  the  sequence  of  structures  a  cluster  assumes  as  it 
grows  and  also  to  undnstand  whether  a  unique  structure  exists 
in  a  cluster.  The  process  of  aggregation  of  small  particles  to 
form  larger  clusters  falls  into  two  regimes,  viz,  DLA  and  RLA, 
determined  by  the  natute  of  interparticle  interaction  which  in 


turn  control  the  sticking  probabihties  for  two  colliding  clusters. 
The  authors  report  the  study  of  aggregation  and  growth  of 
clusters  of  Agl  and  Hgl2  in  aqueous  suspensions  using  TEM 
and  electron  dif&action.  The  aggregates  formed  have  been 
found  to  be  random,  tenuous  and  could  be  termed  as  fractals. 
The  electron  diffraction  patterns  of  fresh  and  aged  clusters 
have  been  found  to  be  different  Electron  (hffraction  patterns  of 
fresh  Hgl2  clusters  consist  of  two  discontinuous  tings  while 
that  of  aged  samples  consist  of  a  number  of  rings.  But  fresh 
Agl  samples  show  a  number  of  diffraction  spots  while  aged 
samples  give  two  di%action  rings.  These  observations  are 
explained  on  the  basis  of  aggregation  of  finer  particles  aided  by 
surface  relaxation  and  it  has  been  shown  that  as  the  clusters 
grow,  rearrangement  of  molecules  takes  place  within  the  clus¬ 
ters  leading  to  a  unique  crystal  structure. 
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SELF-LEVOTING  MONOLAYER  EPITAXY  (SME):  ANEW  APPROACH  TO 
THE  GROWTH  OF  WIDE  GAP  H- VI  HETEROSTRUCTURES 
W.  Faschinger 

Institut  fOr  Halbleiterphysik.  University  of  Linz,  Austria 
P.  Juza,  S.  Ferreira*  and  H.  Sitter 
Inst  fllr  Experunentalphysik,  Univ.  of  Linz,  Austria 


Wide  gap  11- VI  heterostnictures  containing  S  or  Se  are  cur¬ 
rently  a  topic  of  major  interest  for  blue  laser  applications.  In 
order  to  obtain  high  quality  heterostructures  with  well  defined 
thickness  and  abrupt  interfaces  an  UHV  growth  method  with 
precise  thickness  control  in  a  monolayer  scale  is  desirable.  This 
technological  challenge  motivated  us  to  develop  a  new  tech¬ 
nique,  which  we  call  Self-limiting  Monolayer  Epitaxy  (SME). 
It  combines  the  advantages  of  a  self  regulating  growth  mecha¬ 
nism,  as  achieved  in  Atomic  Layer  Epitaxy  (ALE),  with  a 
feature  typical  for  Molecular  Beam  Epitaxy  (MBE),  namely 
that  both  constituents  of  a  compound  are  simultaneously  pres¬ 
ent  at  the  surface.  The  combination  of  both  the  characteristics 
of  ALE  and  MBE  allows  us  to  avoid  the  problems  connected 
with  each  of  these  methods:  The  occurrence  of  fractional 
monolayer  growth,  which  seems  to  limit  the  possibilities  of 
ALE,  and  the  problem  of  interface  roughness  as  reported  many 
times  for  MBE  grown  superlattices,  which  is  a  consequence  - 
of  the  lack  in  accuracy  of  MBE  growth  rate  control. 

SME  is  achieved  by  offering  the  more  volatile  constituents 
S  or  Se  permanently,  while  the  group  11  constituents  Cd  or  Zn 
are  offered  in  a  pulsed  mode.  In  analogy  to  ALE  we  call  the 


growth  dme  from  one  group  n  evqxrration  pulse  to  another  a 
cycle.  Since  X-ray  diffiacdon  of  superlatdces  is  the  most  accu¬ 
rate  method  to  measure  the  growth  rate  per  cycle,  short  period 
superlatdces  of  ZnSAZnSi.xTe,  and  ZnSe/CdSe  were  grown  at 
various  beam  fluxes,  evaporadon  pulse  times  and  substrate 
temperatures.  The  X-ray  results  show  that  growth  in  discrete 
compound  monolayer  steps  can  be  easily  achieved  by  SME: 
The  growth  rate  per  cycle  for  all  superlatdces  is  an  integer 
number  of  monolayers  of  the  compound.  It  is  exactly  one 
monolayer  per  cycle  as  long  as  the  amount  of  material  offered 
within  one  cycle  is  kept  between  one  and  two  monolayers,  but 
increases  to  exactly  n  monolayers  per  cycle  (n  being  an  integer) 
if  the  offered  material  within  one  cycle  is  kept  between  n  and 
n-fl  monolayers. 

In  addidon  to  the  X-ray  diffracdon  measurements  we  will 
present  in  situ  RHEED  invesdgadons  and  discuss  a  model  of 
the  growth  process  based  on  these  results. 


♦Permanent  address:  Inst,  de  Pesquisas  Espaciais,  CP  515, 
12201-S  J.C.,  BrazU 


GROWTH  OF  ZINC  SELENIDE  CRYSTALS  BY  THE  UQUID  ENCAPSULATED 
VERTICAL  BRIDGMAN  TECHNIQUE 
Yasunori  Okano,  Keigo  HoshUuma  and  Tsuguo  Fukuda 
IMR,  Tohoku  University,  Sendai  980,  Jq)an 
Hidero  Unuma  and  Kazuhiko  Tono-Oka 
GID  Lab.,  Hokkaido,  Saj^ro  062,  Japan 


Zinc  Selenide  (ZnSe)  has  a  wide  band  gap  of  2.7  eV  at 
room  temperature  and  is  one  of  the  materials  for  practical  use 
in  blue  light-emitting  diodes.  Many  studies  on  growth  of  bulk 
2^Se  crystals  by  the  Bridgman^ and  liquid  oicapsulated 
Czochralsld^^  techniques  have  be«i  reported,  however,  twins 
due  to  phase  transformation  at  1425  *C  have  been  observed. 
This  study  aims  at  fundamental  study  for  growth  of  2^e  bulk 
crystals  with  high  quality.  In  order  to  avoid  the  twins,  low 
temperature  growth  and  usage  of  liquid  encapsulated  materials 
are  performed. 

Crystals  are  grown  by  a  conventional  vertical  Bridgman 
fiimace  with  a  single  hot  zone  in  Ar  atmosphere  (10  or  2(X) 
kgf/cm^).  A  pBN  oucible  available  for  setting  a  seed  crystal 
with  25  nun  in  diameter  is  used.  Starting  materials  are  stoichio¬ 
metric  poly  ZnSe  crystals  or  Zn  and  excess  Se  powden. 
Liquidus  in  Zn-Se  system  was  determined.  As  the  encapsulant. 


B2O3  and  fluoride  compoutxls  such  as  AIF3,  BaF2,  CaF2.  KF, 
LiF,  MgF2,  NaF  and  ZrF4  were  examined,  and  we  found  that 
CaF2(60  wt  %)+A1F3(40  wt  %)  was  more  suitable  for  the 
etK^sulant  than  other  materials  from  view  point  of  chemical 
re{a;tion  with  ZnSe  and  the  crucible,  and  stalnlity  around  melt¬ 
ing  point  of  ZnSe. 

Grown  crystals  with  the  encapsulant  was  easy  to  take  out 
from  die  crucible  and  boundary  between  ZnSe  and  the  aiciq>- 
sulant  was  very  clear.  Crystals  grown  from  flux  with  excess  Se 
at  1400  ’C  was  free  from  twins. 


1)  M.  Shone  et  al :  7.  Crystal  Growth  ^  (1988)  132. 

2)  I.  Kikuma  and  M.  Furukoshi:  J.  Crystal  Growth  ^  (1977) 
103. 

3)  A.G.Fischer:  Crystal  Growth  Vol.  16,  edited  by  B. 
Pamplin  p.379  Pergamon  Press  (1980), 
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THE  GROWTH  AND  CHARACTERISATION  OF  CADMIUM  SELENIDE  AND 
ZINC  CADMIUM  SELENIDE  EPELAYERS  BY  MOVPE 
PJ.  Parbrook,  A.  Kamata  and  T.  Uemoto 
Research  and  Development  Center.  Toshiba  Corporation 
1,  Komukai  Toshiba-cho,  Saiwai-ku,  Kawasaki  210,  Japan 


In  order  to  obtain  blue  light  emitting  devices  using  II-VI 
materials  it  can  be  advantageous  to  grow  multilayer  structures. 
Considerable  success  has  bear  achieved  recently  using  MBE 
based  techniques  to  grow  ZnCdSe  alloy  layers  for  use  as  quan¬ 
tum  wells  [1].  However  to  date  2^CdSe  alloys  have  not  been 
studied  using  MOVPE. 

In  this  presentation  the  growth  of  CdSe  and  ZnCdSe  alloys 
is  described.  The  epitaxial  layers  were  grown  by  atmospheric 
pressure  MOVPE  using  dimethylcadmium.  dimethylzinc  and 
dimethylselenide  onto  (100)  orioited  GaAs  substrates.  The 
growth  temperature  was  between  300  and  S50*C. 

CdSe  growth  was  found  to  be  possible  at  much  lower  tem¬ 
peratures  than  for  ZnSe  growth  under  similar  condidons.  This 
is  due  to  the  lower  temperature  pyrolysis  of  dimethylcadmium 
which  induces  the  breakdown  of  the  dimethylselenide.  X-rtQr 
diffraction  studies  showed  the  CdSe  layers  were  always  cuMc 
despite  its  preference  to  grow  in  the  hexagonal  phase.  Compar¬ 
ison  with  previous  attempts  to  grow  CdSe  by  MOVPE,  where 
mixed  phase  growth  was  obtained  [2],  suggests  that  critical 


factor  in  obtaining  cubic  eintaxial  CdSe  on  (100)  GaAs  Is  the 
growth  mechanism  at  die  surface. 

ZnCdSe  alloys  have  successfully  been  grown  across  the 
entire  composition  range.  The  layers  were  zinc  ridi  in  compaz- 
ison  to  the  gas  phase  composition.  This  effect  becomes 
stronger  with  huxeasing  growth  tenqterature.  The  strength  of 
this  effect,  coupled  with  the  behaviour  of  the  growth  rate  as  the 
temperature  or  the  Zn:Cd  gas  phase  ratio  was  changed  suggests 
that  the  presence  of  zinc  strongly  inhibits  cadmium  incorpora¬ 
tion  into  the  layers.  Structural  analysis  showed  that  the  alloys 
were  always  cubic  in  structure  but  tiiat  layer  quali^  tended  to 
deteriorate  with  increasing  Cd  composition. 

Transmission  electron  microscopy  has  confirmed  the  culnc 
nature  of  the  samples.  However  many  defects  were  observed. 
The  nature  of  these  defects  and  their  effect  on  strain  relief 
within  the  epilayer  will  be  discussed. 


[1]  M.A.  Haase  et  ah  Appl.  Phys.  Lett.  59  (1991)  1272. 

[2]  M.P.  HalsaU  et  al:  J.  Crystal  GroMth  n  (1988)  135. 


EPITAXIAL  GROWTH  OF  HIGH  QUALITY  ZnSc  AND  ZnSe/ZnS 
SUPERLATTICES  FOR  OPTICAL  PROCESSING 
Chungdee  Pong,  R.C.  DeMattei*  and  RS.  Feigelson 
Department  of  Materials  Science  and  Engineering,  Stanford  University,  Stanford,  CA  94305 
^Center  for  Materials  Research,  Stanford  Universi^,  105  McCullough,  Stanford,  CA  94305 


High  quality  epitaxial  films  of  2^e  and  ZnSe^S  strained 
layer  superlattices  (SLS)  have  been  grown  on  (100)  GaAs  sub¬ 
strates  using  diethylzinc,  diethylselenide,  and  propylenesulfide 
as  precursors  in  a  low  pressure  MOC  VD  reactor.  Results  of  the 
growth  of  ZnSe  films  demonstrated  the  influence  of  process 
conditions,  such  as  reagent  flow  ratio  (fyi/Fn)  and  substrate 
temperature,  on  the  film  stoichiometry,  surface  morphology, 
and  crystalline  quality.  The  surface  morphology  of  the  films 
was  usually  faceted,  and  the  degree  of  facetedness  was 
decreased  with  increased  growth  temperature  and  fvi/fn)-  Pho- 
tohiminescence  (PL)  studies  at  2.8K  showed  a  strong  near  band 
edge  peak  (NBE)  at  2.802eV  and  a  shallow  deep  level  emission 
band  between  2.0  and  2.2eV  for  a  stoichiometric  ZnSe  film. 
Detailed  investigation  of  NBE  peaks  indicated  both  donor-  and 
acc^tor-related  emissions  due  to  the  interdiffusion  of  substrate 
atoms  into  film  during  growth.  Rutherford  backscattering  spec¬ 
trometer,  cross-sectional  TEM,  and  x-ray  diffraction  indicated 
that  the  ZnSe  films  had  very  low  structural  defects. 


Low  temperature  PL  was  used  to  study  samples  of 
ZnSe/ZnS  strained  layer  superlattices.  The  quantum  size  effect 
was  observed  on  samples  of  single  and  mult^le  (10  layers) 
ZnSe(13  nm)/Z[iS(8.5  nm)  quantum  well  structures.  A  curve 
of  peak  energy  vs.  well  thickness  (L,)  was  determined  and  fit 
well  with  theoretical  crlculations.  A  new  deposition  procedure 
was  developed  which  effectively  reduced  the  PL  linewidth  of 
multiple  quantum  wells.  The  preliminary  results  showed  a 
reduction  in  linewidth  of  nearly  40%.  It  was  determined  that 
15nm  of  barrier  material  (ZnS)  was  sufficient  to  eliminate  cou¬ 
pling  effect  between  die  quantum  wells.  Atomic  force  micros¬ 
copy  (AFM)  was  applied  to  study  surface  morphology  of 
multilayer  samples.  Peak-to-valley  values  were  within  several 
nanometers;  these  results  can  lx*  correlated  with  the  PL  results. 
Finally,  a  novel  prototype  device  for  second  harmonic  genera- 
tion  of  blue  light  was  demonstrated. 


^Research  funded  by  NSF-MRL  Thrust  Program  tiirough 
CMR  at  Stanford  University. 
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LARGE-GRAINED  CuInSe2  CRYSTAL  GROWTH  USING  COMPUTER-CONTROLLED, 
HIGH-PRESSURE  LEDS  FURNACES 
CJt.  Schwerdtfeger  and  T.F.  Ciszek 
National  Renewable  Energy  Laboratory 
Golden.  Colorado  80401  USA 


Earlier,  we  reported  a  simple  high-pressure  furnace  system 
for  the  liquid-encapsulated  directional  solidification  (LEDS)  of 
chalcopyrites  such  as  CujAgi.jInSe2  and  III-V’s  such  as  InP*. 
We  have  incorporated  precise  motion  and  temperature  control 
on  this  furnace  system  using  geared  stepper  motors,  custom 
built  heaters,  and  interfaced  computer  control  for  the  purpose 
of  growing  CuInSe2  crystak  with  improved  homogeneity  and 
structural  integrity.  The  system  has  been  designed  with  the 
c^ability  for  cooling  rates  below  I’C/hr,  although  higher  rates 
have  been  used  with  favorable  results.  CuInSe2  crystal  growth 
was  carried  out  under  B2O3  encapsulant,  in  open-top  quartz 


ampoules,  with  an  argon  ambient  at  70-80  bars  pressure  to 
confine  volatile  Se.  Vertical  directional  solidiHcation  was  con¬ 
ducted  in  both  small  (<lS‘C/cm)  and  large  (30-90‘C/cm)  ther¬ 
mal  gradients  and  with  a  range  of  ciystal  cooling  rates. 
Compositional,  crystallographic,  electrical,  and  mechanical 
(cracking)  characteristics  of  the  ingots  will  be  presented. 


1.  T.F.  Ciszek  and  C.D.  Evans,  J.  Crystal  Growth  91  (1985) 
533. 


METHOD  OF  SELENIZING  UQUID  Cu-In  ALLOY  IN  GROWING 
CuInSe2  SINGLE  CRYSTALS 
Shigetaka  Nomura  and  Takeo  Takizawa 
College  of  Humanities  Sciences,  Nihon  Univ.,  Tokyo  156 


Growth  of  single-crystalline  CuInSe2  has  been  performed 
by  selenizing  liquid  Cu-In  alloy.  This  is  an  effective  method  of 
stoichiometty-controlled  growth  of  CuInSe2  in  the  two-zone- 
temperature  system  with  the  control  of  selenium  vapor  pres¬ 
sure.  In  the  normal  melting  method,  it  has  been  found  that 
copper  selenides  and  indium  selenides  produced  in  the  reaction 
processes  of  elements  cause  non-stoichiometry  before  the  solu¬ 
tion  of  Cu-In-Se  is  formed.^^  On  the  other  hand,  in  our  method, 
the  liquid  Cu-In  alloy  is  perfectly  selenized  above  the  melting 
point  of  CuInSe2  without  decomposition  of  binary  selenides 
such  as  102863.  However,  when  selenized  at  temperatures 
below  the  melting  point,  a  small  amount  of  binary  phases  of 
Cu7Se4  and  In2Se  is  formed  in  addition  to  CuInSe2  owing  to 
the  incomplete  selenization.  This  is  consistent  to  the  chemical 


reaction  process  proposed  for  the  final  step  of  reaction  by  the 
normal  melting  method  as, 

^  Cu7Se4  +  ^  In2Se  +  -^  se  -»  CuInSe2. 

7  2  14 

During  the  cooling  process  for  crystal  growth,  vapor  pres¬ 
sure  of  selenium  is  controlled.  Both  n-  and  p-type  crystals 
having  variation  in  carrier  concentration  or  electrical  resistivity 
are  grown  by  the  control  of  selenium  yapoz  pressure  together 
with  the  change  in  Cu/ln  ratio  at  the  initial  charge.  Application 
of  selenium  vqror  pressure  is  effective  for  reducing  imperfec¬ 
tions  in  p-type  crystals. 


1)8.  Nom’ir?  ct  al:  Jpn.  J.  Appl.  Phys.  30(9A)  (1991)  2040. 
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CHARACTERIZATION  OF  CuInSei  SINGLE  CRYSTALS  WITH 
VARIOUS  DEVIATIONS  FROM  STOICHIOMETRY 
H.  Nakanishi,  A.  Tamai,  S.  Ando,  S.  Endo  and  T.  Irie 
Science  University  of  Tokyo,  Node,  Chiba  278  (Japan) 


Recently,  the  ternary  semiconducting  compound  CuInSe2 
has  considerable  attention  because  of  its  potential  uses.  Numer¬ 
ous  experimental  studies  have  been  made  to  explain  the  electri¬ 
cal  and  optical  properties  of  CuInSe2  in  terms  of  an  intrinsic 
defect  model.  The  parameters  of  this  model  are  the  deviation 
&om  molecularity  Am  and  the  deviation  from  valence  stoichi¬ 
ometry  As,  which  have  been  defined  by  Groenink  aivd  Janse  for 
the  nearly  stoichiometric  ternary  compounds  (see  Fig.  1).’  In 
the  present  coimnunication  we  report  the  results  of  character¬ 
ization  of  as-grown  CuInSe2  single  cr^'stals  with  the  composi¬ 
tional  deviation  of  Am  for  Am<0  in  the  Cu2Se-In2Se3  system 
and  those  with  the  deviation  of  [Cu]/[In]  ratio(=R)  from  1  in 
the  CuSe-friSe  -  system  within  the  single  phase  region  of  chai- 
copyrite  structure.  Single  crystals  of  CuInSe2  were  prepared  by 


Figure  1.  Triangle  diagram  for  the  system  Cu-In-Se. 


melting  the  elements  in  an  evacuated  quartz  ampoule  followed 
by  directional  freezing.  P-type  samples  were  obtained  for  Am 
and  R>1,  while  n-type  samples  were  obtained  for  R<1.  Figure 
2  shows  the  absorption  spectra  for  various  Am  in  the  vicinity  of 
fundamental  absorption  edge  at  room  temperature.  It  can  be 
seen  that  the  logarithm  of  absorption  coefficient  varies  linearly 
with  photon  energy,  and  that  the  gradient  of  each  curve 
decreases  with  an  increase  of  Am.  Thus,  the  exponential  tail  in 
the  absorption  edge  may  be  attributed  to  the  defects  in 
Cu£iSe2. 

1.  JA.  Groenink  and  P.H.  Janse,  Z.  Phys.  Chan.,  110  (1978) 
17. 


Photon  Energy  (eV) 

Figure  2.  Exponential  tail  of  the  absorption  edge  for  various  Am 
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THE  APPUCATION  OF  X-RAY  TECHNIQUES  TO  PROBLEMS 
IN  CRYSTAL  SCIENCE 
KJ.  Roberts 

E>epaitir  ent  of  Pure  and  Ai^lied  Chemistry 
University  of  Strathclyde,  295,  Cathedral  Street 
Glasgow  G1  IXL,  UK  and 

SERC  Daresbury  Laboratory,  Warrington,  WA4  4AD,  UK 


There  has  been  an  increasing  awareness  in  recent  years  of 
the  importance  and  utility  of  crystal  characterisation  techniques 
in  aiding  our  understanding,  definition  and  optitnisation  of 
crystallisation  and  related  processes.  For  such  applications  X- 
ray  based  techniques  are  most  useful  in  that  they  are  non¬ 
destructive  and  can  provide  essential  information  to  the  crystal 
grower  concerning  bulk  and  surface  micro-structure  structure 
for  a  wide  range  of  atomic  correlation  length  scales. 

In  this  paper  a  number  of  X-ray  techniques  using  both 
laboratory  and  synchrotron  sources  are  presented  and  include: 

■  EXAFS  and  its  application  to  studies  of  ionicaUy 
adsorbed  habit  modifiers  and  dopants  in  semiconduc¬ 
tors; 


*  high  resolution  powder  diffraction  and  its  application  to 
studies  of  polymorphism  and  phase  separation  in  n- 
alkanes; 

*  X-ray  topogr^hy  and  its  application  to  probing  the 
growth  history  of  solution  and  flux  grown  crystals; 

*  surface  fraction  and  X-ray  standing  waves  and  their 
application  to  studies  of  semiconductor  surfaces. 

fri  addition  the  use  of  high  energy  synchrotron  radiation  to 
probe  crystal  growth  processes  in-situ  using  energy  dispersive 
diffraction  will  be  reviewed  through  the  example  of  studies  of 
the  crystallisation  of  long  chain  hydrocarbons  from  solution. 


REAL-TIME  OBSERVATION  OF  STRESS-INDUCED  DEFECT  FORMATION 
AND  MOVEMENT  IN  SI,  GaAs  AND  CdTe  SINGLE  CRYSTALS 
R.  Balasubramaman  and  WM.  Wilcox 
Center  for  Crystal  Growth  in  Space 
Clarkson  Univwsity,  Potsdam,  NY  13699,  USA 
G.  Long 

National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD 


The  generation  of  slip-bands  indicating  motion  of  disloca¬ 
tions  in  Si,  GaAs  and  CdTe  single  crystals  was  observed  in 
real-time  by  synchrotron  X-ray  topography.  Experiments  were 
carried  out  in  the  temperature  ranges  1023-1173  K,  673-873  K, 
artd  373-673  K,  for  Si,  GaAs  and  CdTe  respectively.  A  high 
temperature  tensile  aprparatus  was  constructed  with  provision 
for  :tressing  ‘dog-boned’  shaped  samples  of  single  crystal.  In 
Si  and  GaAs,  dislocations  were  locally  goierated  and  itiunedi- 
ately  developed  slip-band  structures  in  the  pre-yield  stage  of 
the  stress-strain  diagram.  Consequently  slip-band  structures 
were  observed  over  the  entire  sample  at  stresses  correspondmg 


to  the  yield  point  of  the  material.  It  was  not  possible  to  observe 
the  generation  of  the  slip-bands  in  CdTe,  since  yield  occurred 
very  rapidly.  Preliminary  results  suggest  that  the  limiting  stress 
permissible  in  the  growth  of  single  crystals  is  only  a  fraction  of 
the  critical  resolved  shear  stress  measured  from  the  stress- 
strain  curve.  A  more  detailed  analysis  of  the  results  is  under¬ 
way*. 

‘This  work  was  conducted  at  beam-line  X-23A3  of  the 
National  Synchrotron  Light  Source,  Brookhaven  National 
Laboratory,  Upton,  NY. 
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ACOMMON  ORIENTING  ACTION  OF  ELECTRICAL  FIELD  AND  SUBSTRATE 
PATTERNING  IN  ARTIFICIAL  EPITAXY  (GRAPHOEPITAXY) 

EJ.  Givcrgizm,  AJ.  Pankraskov  and  LA.  Zadorozhnaya 
Institute  of  Ciystallogrqjhy,  USSR  Academy  of  Sciences 
Leninsl^  pr.  59.  Moscow  117333,  USSR 


Artificial  epitaxy  (gr^hoepitaxy)  is  a  broadly-based  phe¬ 
nomenon.  Studies  of  its  mechanisms  have  both  fimdamental 
and  applied  aspects  [1].  Of  particular  iiuerest  is  the  case  when  a 
topographic  relief  and  an  electrostatic  field  are  acting  simulta¬ 
neously. 

In  this  pqier,  experiments  are  described  on  dqrosition  of 
andmonium  sulpho-iodide  (SbSl)  films  onto  substrates  with 
and  without  striated  microrelief  imder  electrical  field  applied 
both  parallel  and  normal  to  the  substrates. 

It  was  found,  in  some  piteliminary  experiments,  that  the 
films  dqMsited  onto  such  substrates  consisted  of  single  crystal¬ 
lites  with  their  C-axis  oriented  along  the  striations  while,  with¬ 
out  the  relief,  the  crystallites  were  randomly  oriented.  It  was, 
further,  found  that,  at  least  in  the  initial  stages,  the  growth 
proceeded  with  participation  of  a  liquid  phase,  under  action  of 
capillary  forces.  The  crystallites  floated  and  "moored"  to  the 
sides  of  the  grooves  [2,3]. 

When  an  electrical  field  of  2.5  kV/an  was  qtplied  parallel 
to  the  substrate  having  no  relief,  a  significant  part  of  die  crys¬ 
tallites  (up  to  30%)  became  oriented  along  the  field.  Under 
similar  conditions  on  striated  substrates,  the  azimuthal  orienta¬ 
tion  of  the  crystallites  depended  on  the  angle  between  the  field 
vector  and  the  direction  of  the  striations.  A  maximal  change  of 
the  orientation  in  comparison  with  non-field  conditions  was 


observed  when  die  field  was  perpendicular  to  the  striations. 
Three  sets  of  crystallites  were  observed  in  this  case:  those 
normal  to  the  striations,  and  those  with  angles  -i67  or  -67* 
relative  to  the  striations. 

Basing  on  the  results  obtained,  an  orientation  mechanism  is 
assumed  for  this  case,  namely:  SbSI  crystallites,  bdng  polar¬ 
ized,  are  ananged  so  that  their  C-axes  are  directed  along  the 
field,  whereas  tile  crystallites  are  “nestled”  by  their  (001 )  or 
(001 )  faces  to  the  sides  of  the  grooves. 

When  the  field  is  perpendicular  to  the  striated  substrate, 
radier  high  ratio  of  the  crystallites  becomes  oriented  with  dieir 
axis  rrormal  to  die  substrate,  faces  {121},  {211}  and  to  {011} 
being  parallel  to  sides  of  the  grooves  in  accordance  with  the 
mechanism  considered  above. 


1.  EJ.  Givargizov,  “Oriented  Crystallization  on  Amorphous 
Substrates,"  (Plenum  Press,  N.Y.,  1991). 

2.  AJ.  Pankrashov,  LA.  Zadorozhnaya  and  EJ.  Givargizov, 
Soviet  Phys.-CrystaUogr.  32. 429  (1987). 

3.  EJ.  Givargizov,  AJ.  Pankrashov  and  LA.  Zadorozhnaya, 
Heteroepitaxy  of  Dissimilar  Materials,  eds.  R.F.C. 
Farrow,  J.P.  Marbison,  P.S.  Peercy,  and  A  Zangwill,  Piroc. 
MRS  221  (MRS  Press,  Pittsburgh,  PA  1991),  pp.  123-128. 
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FORMATION  OF  Gci.^Si,  SOLID  SOLUTION  BY  POWDER  METALLURGY 
AND  HOT-ISOSTATIC  PRESSING 
J.  SchUz  and  M.  Langenbach 

Gennan  Aerospace  Research  Establishment  (DLR),  Institute  for  Materials  Research 
P.O.  Box  906058,  W-5000  Kfiln  90.  Germany 


Ge-Si  alloys  have  a  large  number  of  important  applications 
in  several  fields,  such  as  its  use  as  thermoelectric  material, 
extrinsic  photodetectors,  solar  cells,  substrate  material  for  other 
semiconductor  compounds,  or  monochromators  for  thermal 
neutrons.  The  latter  two  applications  require  highly  perfect 
single  crystals  -  an  aim  that  has  not  been  achieved  up  to  now. 
As  long  as  the  use  of  Gex.^Si^  is  concerned  on  its  electronic 
properties,  it  is  often  sufficient  to  have  a  polycrystalline  alloy. 

In  the  case  of  the  exploitation  of  heavily  doped  Gej.xSij 
alloys  as  thermoelectric  material,  it  is  even  desirable  to  have  a 
large  amount  of  grain  boundaries  in  order  to  decrease  the  ther¬ 
mal  conductivity.  Therefore,  thermoelectric  elements  are  often 
made  of  compacted,  small  sized  germanium-silicon  grains, 
which  are  achieved  by  ball  milling  of  casted  Ge^.^Si^  and  hot 
pressing. 

This  investigation  on  such  “powder  crystals”  is  motivated 
by  the  lack  of  understanding  on  the  formation  of  powder  metal- 
lurgically  prepared  Gej.^Si^  material.  The  present  paper  tries  to 
shed  light  on  the  milling  and  compacting  process,  because 
these  steps  have  received  minimal  attention  to  date.  Therefore, 


instead  of  using  the  usual  preparation  method,  to  mill  an 
already  casted  and  possibly  doped  Gei.jSi^  compound,  we 
start  from  the  pure  elements  Ge  and  Si,  which  are  mechanically 
comminuted  in  a  planetary  mill  together  in  the  desired  compo¬ 
sition. 

Objectives  of  the  experiments  include  the  observation  of 
the  mixing  and  possibly  blending  of  the  two  constituents  and 
the  detection  of  solid  state  phases  after  a  cold-  or  hot-pressing 
process.  SEM  investigations  revealed  the  different  microstruc¬ 
tures  of  the  Ge  and  the  Si  and  by  means  of  TEM  we  found  that 
the  lattice  is  partly  amorphous.  Each  grain  consists  of  Ge  and 
Si  regions  on  a  typical  length  scale  of  100  nm.  X-ray  difhac- 
tion  showed  a  broadening  of  the  peaks  as  a  function  of  milling 
time.  However,  in  contrast  to  earlier  publications,  the  ball  mill¬ 
ing  did  not  induce  any  compound  formation.  Hot-isostatic 
pressing  and  further  heat  treatment  of  the  samples  showed  a 
formation  of  mixed  crystal  regions.  Microhardness  of  the  hot- 
pressed  and  tempered  samples  was  measured.  Additionally, 
electrical  transport  measurements  were  performed  in  order  to 
gnd  out  the  amount  of  impurities  incorporated  into  the  material 
during  the  whole  preparation  procedure. 


A  NEW  DEVELOPMENT  OF  LASER-HEATED  PEDESTAL  GROWTH  TECHNIQUE 
SJa.  Rusanov,  I  A.  Shcherbakov  and  E.V.  Zharikov 
General  Physics  Institute  Acad.  Sci.  USSR 
117342,  Moscow  Vavilov  Str.  38,  USSR 
GJR.  Grigorian,  IH.  Sisakian 

Central  Bureau  for  Unique  Instrumentation  117342,  Moscow,  Butterov  Str.  IS,  USSR 


Laser-heated  minipedestal  growth  (LHPG)  method  is  uni¬ 
versal  technique  for  growth  of  variety  single  crystalline  fibers 
[1].  The  paper  presents  new  original  technical  development  of 
LHPG  technique.  The  growth  apparatus  with  heating  arising 
from  continuous-wave  C02-laser  with  power  90W  has  been 
made. 

The  main  problem  of  practical  realization  of  LHPG  tech¬ 
nique  is  creation  of  axial  symmetry  heating  of  pedestal.  This 
task  has  been  solved  by  u  sing  of  special  optical  element  (so 
called  focusator)  in  combination  with  pwabolic  mirror.  The 
focusator  transforms  the  nonuniform  cross-section  of  laser 
beam  into  a  ring  with  high  grade  of  uniformity  of  laser  power 
density.  Then  the  parabolic  mirror  forms  the  cone  beam  which 
meet  at  the  end  of  initial  feed  rod  (see  figure). 

The  advantage  of  this  version  of  LHPG -technique  is  that 
complicative  optical  system  is  exchange  by  only  one  element 
(focusator),  which  do  not  need  the  fine  adjusting  and  effec¬ 
tively  works  independently  on  mode  structure  of  laser  emis¬ 
sion. 


Single  fibers  of  sapphire  and  doped  rare-earth  scandium 
garnets  have  been  successfully  grown  by  this  app)aratus.  The 
fibers  have  diameter  from  100  to  300  km  and  length  up  to  300 
mm.  Details  of  apparatus  design  and  features  of  fibers  growth 
will  be  presented. 


R.S.  Feigelson  “Opportunities  for  Research  on  Single-crystal 
Fibers.”  Material  Since  and  Engineering,  Bl,  (1988)  p67-75. 
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THE  INFLUENCE  OF  Pb^  ION  ON  THE  RADIATION 
DISTANCE  OF  BaF2  CRYSTAL 
G.  Chat,  S X.  Ren,  H.  Xiao,  S.Q.  Man  and  JjQ.  Zhang 
Beijiiig  Glass  Research  Institute 
Dongdadi  1,  Chongwenmenwai.  Bdjing  100062,  P.R.  China 


It  is  well  known  that  can  make  the  absorption  at 
20Snm  in  BaF2  crystal  which  is  harmful  to  export  of  the  fast 
component  of  BaF2  crystal.  This  ion,  we  studied  recently,  is 
also  deteriorated  to  the  radiation  resistance  of  BaF2  crystal. 

There  is  an  obvious  difference  of  Pb^^  content  between 
Pb-containing  and  pure  Bal^  crystals  but  other  metal  ions 
impurities,  which  were  cut  from  same  crystal  and  Pb^^  ion  was 
located  at  the  bottom  of  crystal.  The  content  of  Pb^*  of  Pb-con¬ 
taining  sample  was  about  4.8ppm.  We  could  find  an  absorpdon 
peak  at  20Snm  in  this  Pb-containing  crystaL  Comparing  with 
pure  crystal,  the  Pb-containing  one  caused  a  strong  radiation 


dattutge.  It  is  obvious  that  this  differeiKe  was  not  die  result  of 
other  metal  ions  inqnirities.  The  fluorescence  spectra  rqxnt 
that  die  valence  of  was  not  changed  after  y-ray  irradiated, 
and  it  is  hardly  possible  of  lattice  vacancy  introducing  when 
Pb^^  occupy  sid^  of  Ba^^  because  the  ion  radius  of  Pb^  and 
Ba^^  are  very  similar  and  their  valences  are  same.  We  conside 
that  the  remains  of  Pb^^  can  lead  to  increase  content  of  O^' 
because  of  polarize  between  them.  The  vacancy  of  anion, 
which  is  the  one  of  basic  factors  of  nature  of  color  centres,  will 
be  readied  when  6^  occupying  die  sides  of  F  km.  The  analy¬ 
sis  result  about  oxygen  content  by  TEM  has  proved  this  point 
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INVESTIGATIONS  OF  THE  EFFECTS  OF  SOME  ADDITIVES  ON  THE 
CRYSTALLIZATION  OF  TETRAHYDR ATE  SODIUM  PERBORATE 
C.  Frances,  B.  Biscans,  N.  Gabos  and  C.  Laguerie 
EJ4.S.I.G.C.-LGC(URACNRS  192) 

Chemin  de  la  Loge  -  31078  Toulouse  Cedex  France 


Sodium  perborate,  commercially  available  as  a  tetrahydrate 
and  a  monohydrate,  is  the  most  widely  used  solid  peroxygen 
compound.  Its  main  iq>plications  are  in  safety  bleach  formula¬ 
tions,  detagems  and  tooth  powders.  It  is  also  extensively  used 
in  Europe  in  washing  powders  formulations. 

The  work  is  especially  concerned  with  tetrahydrate  sodium 
perborate  (SPB).  SPB  is  produced  by  reactive  crystallization 
between  aqueous  solutions  of  sodium  metaborate  (SMB)  and 
hydrogen  peroxide.  Crystals  of  a  good  quality  with  respect  to 
their  chemical  stability,  morphology,  sh^  and  size  are 
required.  In  order  to  improve  these  properties  various  additives 
have  been  used.  Additives  as  well  as  impurities  in  a  system  can 
modify  the  growth  rates  of  crystals  grown  &om  solutions  and 
hence  the  characteristics  of  the  crystals.  So,  in  order  to  analyse 
the  effect  of  some  additives  on  the  crystallization  of  SPB, 
crystal  growth  experiments  have  been  carried  out  in  a  batch 
fluidized  bed  crystallizer. 

In  industrial  processes,  the  reaction  described  above  is  often 
performed  with  an  excess  of  SMB  with  respect  to  stoichiome¬ 
try.  So  the  effect  of  SMB  on  the  solubility  and  the  crystalliza¬ 
tion  of  SPB  have  been  first  tested.  It  has  been  observed  that 
SMB  drastically  affects  the  solubility  of  SPB  in  water.  For 
concentrations  of  SMB  lower  than  3%  in  mass,  the  effect  of  the 


common  ion  Na^  is  predominant  and  {sovokes  a  decrease  of 
the  solubility  by  moving  the  chemical  equilibrium.  For  higher 
concentrations  of  SMB.  the  decrease  of  the  activity  coefficients 
of  ionic  species  becomes  the  main  factor  and  reverses  the 
tendency.  Related  to  this.  SMB  also  modifies  the  growth  rate  of 
SPB  crystals,  exerting  an  inhibiting  effect. 

Then,  the  influence  of  various  kinds  of  mineral  additives, 
surfactants  and  a  polymer  on  growth  rate  have  been  investi¬ 
gated.  These  additives  are  either  impurities  usually  pnesenl  in 
commercial  product,  or  additives  known  as  crystallization 
modifiers.  The  retarding  action  observed  in  the  presence  of 
magnesium  sulphate  as  additive  and  in  the  presence  of  a  poly¬ 
mer  has  been  interpreted  in  terms  of  a  Langmuir-type  adsorp¬ 
tion  isotherm.  It  has  been  concluded  that  these  additives  are 
adsorbed  on  actives  growth  sites  on  the  faces  of  the  crystals. 
The  accelerating  effect  obtained  with  aluminum  sulfate  and 
cethyltrimethyl  ammoiuum  bromide  (CTAB),  a  cationic  surfac¬ 
tant,  is  supposed  to  be  related  to  an  accelerating  effect  on 
nucleation  and  agglomeration  processes.  Habit  modification  is 
observed  with  crystals  grown  from  solutions  containing  trace 
amounts  of  CTAB.  In  presence  of  this  additive  crystals  have  a 
quite  regular  and  spherical  shape  whereas  they  have  a  dendritic 
habit  without  additive. 


GROWTH  OF  GYPSUM 

m.  INFLUENCE  AND  INCORPORATION  OFTRTVALENT  IONS 
CJi.  de  Vreugd,  GJ.  Witkamp*  and  G.M.  van  Rosmalen 
Delft  University  of  Technology,  Leeghwaterstraat  44, 2628  CA  Delft 
The  Netherlands 


The  growth  of  gypsum  (CaSOa  •  2H2O)  has  been  per¬ 
formed  by  the  constant  composition  technique  in  0.1  M 
NaN03  at  2S  *C  and  by  continuous  crystallization  experiments 
in  1  M  NaN03  solutions. 

The  effect  of  lanthanide,  chromium  and  chromate  ions  on 
the  growth  kinetics  was  studied  as  well  as  the  uptake  of  these 
impurities  and  of  cadmium  ions  in  the  crystals.  In  addition  the 
adsorption  of  La^'^  on  gypsum  was  studied. 

The  growth  of  gypsum  is  retarded  by  lanthanide  ions  pres¬ 
ent  in  the  solution  as  impurities.  The  crystal  faces  show 
macrostep  formation.  At  relative  supersaturations  of  0.2  the 
growth  retarding  influence  of  the  ions  decreases  in  the  order 
La^*  *  Ce^*  <»  Eu^*  >  Er^  >  Cr^*  >  Cr2Q72-,  with  a  maximal 
difference  of  a  factor  10  between  the  blank  and  La^  at  a 


concentration  of  3  •  lO'^  M.  At  increasing  supersaturations  this 
difference  becomes  smaller  and  finally  disai^ars  at  0=1.  The 
uptake  of  lanthanides  increases  with  increasing  ionic  radius, 
with  a  maximum  for  Ce^'*'.  Tlie  sequences  of  growth  retarda¬ 
tion  performance  and  uptake  of  the  ions  are  therefore  roughly 
similar.  At  higher  supersaturations  the  uptake  becomes  higher. 

From  the  growth  retardation  as  a  function  of  the  La^^  con¬ 
centration  an  adsorption  energy  of  30  kJ  per  mole  was  calcu¬ 
lated.  From  adsorption  experiments  no  adsorption  energy  could 
be  derived. 

The  incorporation  of  Cd^'*'  ions  in  the  presence  of 
lanthanides  behaves  similarly  as  without  these  ions. 


*Author  to  whom  correspondence  should  be  addressed. 
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CHARACTERISING  THE  EFFECT  OF  GROWTH  CONDITIONS  AND  CRYSTAL 
HABIT  ON  THE  DISTRIBUTION  OF  IMPERFECTIONS  AMONGST 
POPULATIONS  OF  CRYSTALS 
CJ.  Price 

Separation  Processes  Service,  AEA  Technology 
Harwell  Laboratory,  Didcot,  Oxfordshire,  0X11  ORA  UK 


The  variation  of  crystal  habit  with  growth  conditions  is 
widely  documented.  However  the  variation  of  the  distribution 
of  gross  imperfections  amongst  populations  of  crystals  grown 
from  solution  is  much  less  well  documented.  This  papa  seeks 
to  examine  how  the  frequency  of  twinning,  agglomeration  and 
breakage  varies  with  growth  temperature  and  solution  purity. 

The  material  selected  for  this  study  was  copper  sulphate 
pentahydrate.  It  has  been  shown  that  the  habit  of  near  perfect 
crystab  of  copper  sulphate  changes  significandy  with  both  the 
presence  of  impurities  and  the  growth  temperature.  (Price  and 
Hallas  1990).  The  crystals  characterised  in  this  study  were 
grown  isothermally  at  a  range  of  temperatures  from  both  pure 
and  impure  solutions.  The  crystals  were  segregated  into  size 
fractions  by  sieving.  These  sieve  fracdons  were  then  further 
segregated  by  hand  into  six  defect  categories;  near  perfect 
single  crystals,  crystals  with  a  small  adhering  fragment, 
twinned  crystals,  agglomerates,  broken  single  crystals  and 
agglomerate  fragments. 

For  each  sieve  fiacdon  the  number  and  mass  distributions 
and  volume  shape  factors  of  each  defect  category  was  deter¬ 
mined.  An  overall  volume  shqie  factor  was  also  determined. 

The  populations  of  crystals  grown  from  impure  solution 
contained  significantly  more  imperfect  crystals  than  those 
grown  from  pure  solutiorL  Amongst  the  crystals  grown  from 
impure  solution  the  proportion  of  imperfect  crystals  decreased 


as  the  growth  temperature  increased.  This  finding  was  unex¬ 
pected  since  the  crystal  habit  becomes  mote  plate-like  and 
s^aiendy  more  fr:agile  at  higher  tennperature.  There  was  also 
variation  in  the  number  and  type  of  imperfections  with  crystal 
size  for  crystals  grown  uixJer  near  identical  conditions;  the 
proportion  of  near-perfect  crystals  decreased  with  decreasing 
size.  This  was  usually  balanced  by  a  corresponding  increase  in 
the  number  of  agglomerates. 

During  this  study  a  considerable  body  of  data  has  been 
gathered  allowing  the  causes  of  these  variations  in  imperfec¬ 
tion  distribution  to  be  explored.  The  variation  in  the  imperfec¬ 
tion  distribution  amongst  populations  of  crystals  has 
significant  implications  for  the  users  of  crystallization  as  an 
industrial  separation  tedmique.  Two  areas  are  worthy  of  spe¬ 
cific  mention;  the  purity  of  the  product  is  likely  to  be  influ¬ 
enced  by  imperfect  crystals  through  changes  in  the  solid-liquid 
sq>aration  and  washing  characteristics.  The  product's  perfor¬ 
mance  in  subsequent  processing  stages  will  also  be  affected  by 
differences  in  the  imperfection  distribution. 


Mce,  C  J.  and  Hallas,  N  J.,  “The  Influence  of  crystal  habit  and 
size  measurement  and  its  implications  for  deriving  kinetic 
parameters.”  p  S83-S88,  Industrial  Crystallization  ‘90, 
Proceedings  of  the  11th  Symposium  on  Industrial 
Crystallization,  Ed.  A.  Mersmaim,  Garmisch-Partenldrchen 
18-20th  September  1990. 
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ADSORPTION  BEHAVIOUR  OF  POLYELECTROLYTES  IN  RELATION  TO 
THEIR  GROWTH  INinSITING  PERFORMANCE 
M.C.  van  der  Leeden  and  GM.  van  Rosmalen 
Delft  Technic&l  University,  Laboratory  for  Process  Equipment 
Leeghwaterstraat  44, 2628  CA  Delft,  The  Netherlands 


Polycarboxylate-type  additives  are  commonly  applied  for 
the  growth  retardation  of  inorganic  or  mineral  salts.  Although 
preferential  adsorption  of  a  growth  inhibitor  at  the  crystal  sur¬ 
face  is  known  to  be  an  essendal  step  in  its  specific  perfor¬ 
mance,  the  precise  nature  of  the  various  factors  iniluencing  this 
step  and  the  role  they  play  in  the  adsorption  process  are  not  yet 
fully  disclosed.  Important  factors  which  can  be  distinguished  in 
the  adsorption  process  are  the  level  and  rate  of  adsorption. 
These  factors  are  influenced  by  parameters  as  type  and  strength 
of  the  bonds  between  mineral  ions  and  functional  groups  of  the 
inhibitor,  their  electrostatic  interaction,  the  inhibitor  configura¬ 
tion,  and  the  matching  of  the  interatomic  distances  and  orienta¬ 
tion  of  the  lattice  ions  with,  the  functional  groups  of  the 
inhibitor. 

For  two  polyphosphinoacrylates  PPAA-I  (KT^=3800)  aixl 
PPAA-n  (Mw=1100),  and  a  random  copolymer  of  maleic  acid 
and  vinylsulphonic  acid  PMA-PVS  (M^1730),  the  level  of 
adsorption  on  BaS04  has  been  determined  as  a  function  of  time 
and  concentration.  Their  adsorption  levels  and  adsorption  rates 
have  been  related  to  the  growth  inhibiting  effectiveness  of 


these  compounds  in  BaS04  crystallisation.  The  adsorption  pla¬ 
teau  values  of  the  best  growth  retarder  PMA-PVS  and  the 
moderate  inhibitor  PPAA-II  appear  to  be  only  slightly  differ¬ 
ent,  but  the  time  needed  to  establish  plateau  coverage  is  consid¬ 
erably  shorter  in  case  of  PMA-PVS.  It  is  found  that  the 
adsorption  rate  of  PPAA-II  interferes  with  the  attachment  rate 
of  BaS04  growth  units  under  the  experimental  conditions  of 
initial  supersaturation  ratio  S=S.6,  pH=5  and  t=2S‘C. 

To  find  out  whether  matching  between  the  inhibitor  mole¬ 
cules  and  the  crystal  surface  layer  plays  a  role  in  its  perfor¬ 
mance,  the  shape  and  morphology  of  BaS04  crystals  were 
examined  after  long-term  growth  experiments  in  the  presence 
of  PMA-PVS  and  PPAA-II.  The  development  of  (Oil)  and 
(101)  faces  in  the  presence  of  PMA-PVS  pwints  at  easy 
replacement  of  lattice  sulphate  ions  with  one  S-O  bond  orien¬ 
tated  perpendicular  to  the  crystal  surface  by  sulphonate  ions  of 
PMA-PVS.  In  the  presence  of  PPAA-B,  striations  are  observed 
in  <01Q>  directions  which  might  be  related  to  fitting  of  inter¬ 
atomic  lattice  distances  1^  the  mutual  distarx^  of  the  func¬ 
tional  groups  of  the  inhibitor. 


CRYSTAL  GROWTH  MODIFIERS  FOR  BARITE  AND  GYPSUM: 

BINDING  MOTIFS  AT  CRYSTAL  SURFACES 
SN.  Black,  LA.  Bromley,  D.  Cottier.  RJ.  Davey,  B.  Dobbs  and  J£.  Rout 
Research  and  Technology  Department,  ICl  Chemicals  and  Polymers  Limited 
The  Heath  Runcorn  Cheshire  WA7  4QD,  UK 


The  use  of  crystal  morphology  as  an  assay  for  specific 
interactions  between  crystal  surfaces  and  auxiliary  molecules 
has  received  considerable  attention  in  the  last  decade.  Thus,  in 
the  case  of  molecular  crystals,  it  is  now  possible  to  design 
tailor  made  additives  for  the  control  of  mori^ology  and  poly¬ 
morphic  form  (1)  based  on  an  appreciation  of  stereo-chemical 
recognition  factors  which  operate  at  specific  crystal  surfaces 
(2).  In  the  parallel  field  of  recognition  at  inorganic  surfaces 
research  has  been  directed  mainly  towards  an  understanding  of 
the  ways  in  which  organic  molecules  control  biomineralisation 
processes.  For  example  the  role  of  simple  carboxylic  acids  and 
carboxylate  rich  macromolecules  in  the  mineralisation  of  cal¬ 
cium  carbonate  has  been  extensively  studied  (3,4).  The  more 
general  aspects  of  the  role  of  stereochemistry  at  the  surface  of 
inorganic  crystals  has  received  little  attention  since  the  earlier 
work  of  Whetstone  (5)  on  habit  modification  by  dyes.  In  this 


contribution  we  examine  the  stereochemical  nature  of  specific 
interactions  between  organic  phosphonate  molecules  and  the 
mineral  phases  barite  and  gypsum  using  a  combination  of  mor¬ 
phological  data  and  molecular  modelling.  The  data  illustrate 
the  importance  of  charge,  geometry,  stereochemistry  and  H- 
bonding  as  driving  forces  for  recognition  at  inorganic  surfaces. 


1.  R.J.  Davey,  LA.  Polywka  and  S.J.  Magiim  in  ‘Advances  in 
Industrial  Crystallisation’ Butterworths  London  1991. 

2.  L.  Addadi,  Z.  Berkovitch-Yellin,  I.  Weissbuch,  M.  Lahav 
and  L.  Leiserwitz,  Topics  in  Stereochemistry  16  (1986)  1 . 

3.  S.  Mann,  J.  Didymus,  N.P.  Sanderson,  B.  Heywood  and  EJ. 
Aso  Sanper,  J  Chem  Soc  Farad  Trans  86  (1990)  1873. 

4.  L.  Addadi  and  S.  Weiner,  Proc  Natl  Acad  Sci  USA  82 
(1985)4110. 

5.  J.  Whetstone  Nature  168  (1951)  663. 
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THE  STUDY  OF  TRANSPORT  PHENOMENA  W  ZEOLITE  CRYSTAL  GROWTH 
Simon  Ostrach,  Yasuhiro  Kamotam  and  Hao  Zhang 
DqMitment  of  Mechanical  and  Aeroquce  Engineering 
Case  Western  Reserve  University,  Cleveland,  Ohio  44106,  USA 


2^1ite  synthesis  is  a  unique  crystal  growth  process  which 
usually  takes  place  within  an  amorphous  solid  gel  plus  aqueous 
solution.  The  growth  mechanism  is  studied  by  carefully  exam¬ 
ining  the  structure  of  the  gel  portion  and  the  interaction 
between  growing  zeolite  crystals  and  the  diminishing  solid  geL 
It  is  found  that  a  white  and  opaque  portion  containing  amor¬ 
phous  solid  gel,  crystals  and  aqueous  solution  does  not  settle 
under  gravity  as  it  appears  to  be.  Instead,  it  shrinks  to  die 
bottom  of  the  hydrothermal  reactor  leaving  the  clear  solution 
above  it  due  to  depletion  of  the  flocculated  gel  particles.  Based 
on  the  assumption  of  solution  phase  nucleation  and  crystalliza¬ 
tion,  a  correlation  for  the  shrinkage  is  derived.  Zeolite  A  was 
synthesized  in  our  lab  since  it  is  a  typical  example  of  the 
solution  phase  mechanism.  The  observed  shrinkage  curves 
agree  very  well  with  the  derived  correlation.  The  curves  basi¬ 
cally  consist  of  two  exponentially  decayed  stages  correspond¬ 


ing  to  induction  and  crystallization,  because  one  has  very  dif¬ 
ferent  activation  energy  from  the  other.  According  to  our 
experiments,  secondary  nucleation  which  has  been  believed  to 
be  one  of  the  detrimental  effects  due  to  crystal  sedimentatioi 
occurs  only  widtin  the  shrinking  gel  portion.  Based  on  the 
correlation  and  the  calculation  of  mass  transfer  rate  for  an 
individual  zeolite,  a  non-dimensional  parameter  is  suggested  as 
a  criterion  for  die  occurrence  of  secondary  nucleation.  In  addi¬ 
tion  to  other  physical  variables,  there  are  two  variables  upon 
which  the  parameter  is  strongly  dqiendent,  the  height  of  the 
reaction  mixture  (geometry)  and  the  number  of  nuclei  per  unit 
volume  (nucleation  rate).  This  parameter  can  serve  as  a  con¬ 
straint  when  zeolite  crystal  growers  intend  to  minimize  the 
number  of  nuclei  in  order  to  produce  larger  resultant  zeolites. 
Additionally,  scaling  analysis  is  used  to  compare  zeolite  crystal 
growth  under  microgravity  with  that  under  centrifugal  force. 
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INDUSTRIAL  EXHIBIT . 
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.  POOL  GROUNDS 
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. CHAMPAGNE  BALLROOM 

. CHAMPAGNE  BALLROOM 
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GRAND  BALLROOM 
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